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The surface integrity of a machined component that meets the demands of a 
specific application requirement is defined by several characteristics. The residual stress 
profile into the component is often considered as the critical characteristics as it carries a 
direct effect on the fatigue life of a machined component.  
A significant amount of effort has been dedicated by researchers to predict post 
process stress in a workpiece using analytical, experimental, and numerical modeling 
methods. Nonetheless, no methodology is available that can express the cutting process 
parameters and tool geometry parameters as functions of machined residual stress profile 
to allow process planning in achieving desired residual stress profile.  
This research seeks to fill that void by developing a novel approach to enable the 
extraction of cutting process and tool geometry parameters from a desired or required 
residual stress profile. More specifically, the model consists in determining the depth of 
cut, the tool edge radius and the cutting forces needed to obtain a prescribed residual 
stress profile for an orthogonal machining operation. The model is based on the inverse 
solution of a physics-based modeling approach of the orthogonal machining operation 
and the inverse solution of the residual stress prediction from Hertzian stresses. 
Experimental and modeling data are used to validate the developed model. The work 






CHAPTER 1  
 
INTRODUCTION 
1.1 Overview and Motivation 
With the increasing demand for high quality, highly reliable, and economical 
machined components, the manufacturing industry must find innovative methods for 
producing precision components. To meet such demand, manufacturers are seeking ways 
to improve the process planning methodologies. Currently, the process planning methods 
do not address directly the issues of part performance and functionality. Tremendous 
improvement of the overall manufacturing process of precision products could be 
achieved if the parts performance and functionality could be at the center of the planning 
process.  
Machine parts produced with hardened steel are usually high performance 
components that are frequently loaded to their physical limits [1]. During use severe 
failures produced by fatigue, creep, and corrosion cracking start at the surface of these 
components. Thus, the functional behavior of these machined components is greatly 
dependent upon their surface integrity. Surface integrity is defined as the ability of a 
surface to meet the demands of specific application. Specifically, it is characterized by its 
mechanical, metallurgical, chemical and topological states of surface properties such as 
surface roughness, hardness variation, structural changes and residual stress [2].  
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Residual stress is defined as the stress state which exists in a body after all the 
external loads are removed. When assessing surface integrity, residual stress is often 
considered as one of the most critical parameters since it has a direct effect on the fatigue 
life of a machined component. The effects of residual stress could be both positive and 
detrimental on the deformation behavior, fatigue life, dynamic strength, chemical 
resistance and magnetic properties of machined components [3]. In machining, the  
sources of residual stress include plastic deformation of the material and high thermal 
gradients in the cutting zone. These two sources are complex and do affect each other. 
Plastic deformation occurs during chip formation when the material is being sheared in 
the cutting zone. Additional plasticity occurs due the rubbing contact between the tool 
and the newly machined surface. Thermal gradients are caused by plastic deformation 
and frictional heating. When the thermal gradients are sufficiently high, phase 
transformation at the surface or near sub-surface of the machined part will occur. Such 
change in material structure will alter the mechanical properties of the workpiece at the 
surface region. Consequently, the plastic deformation will be affected. Suc h complexity 
in the sources causing residual stress has made modeling the post-process stress in a 
machined part a challenging task. As can be probably deduced, the plastic deformation 
and the thermal gradient are directly dependent on how the cutting and tool geometry 
parameters, and the materials both for the tool and the workpiece were selected.  
A tremendous amount of work has been done to characterize the effect of cutting 
parameters such as width and depth of cut, speed, and tool geometry (i.e. edge radius) on 
the residual stress that is produced during cutting. This work has included experimental, 
analytical & statistical, finite element and neural network modeling efforts, [4], [5], [6]. 
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Overall, these models provide a methodology to predict the residual stress profile in a 
machined part from cutting conditions and tool geometry parameters. However, insight 
into the mechanisms of residual stress formation is hardly ever given explicitly. Most 
importantly, these models do not provide a methodology to specify either machining 
process or tool geometry parameters from a desired residual stress profile into the 
workpiece.  
Being able to design around the residual stress desired or required in a machined 
component for a specific application is a much needed option. A methodology needs to 
be established that would allow residual stress to be truly engineered in a workpiece. This 
methodology would allow for the prediction of an optimal set of cutting process and tool 
geometry parameters using a desired or required residual stress profile as input. Many 
other benefits could be derived from such methodology: 
• Achievement of a better control over the surface integrity of a part.  
• Improvement of Hard Turning competitiveness in replacing multiple 
grinding processing steps.   
• Reduction of trial-and-error tooling design cycle time since a tool 
geometry information can be extracted from residual stress profile 
requirement 
1.2 Research Goals and Objectives 
Currently, no method exists that will help in making recommendation on the 
cutting and tool geometry parameters if a desired residual stress profile is needed in 
machined components after the cutting operation. Such method is crucial if the 
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functionality and performance needs to be truly designed into the machined part. The 
objectives of this current research are: (1) develop a methodology to predict the depth of 
cut, the tool edge radius, and the cutting force required from the surface residual stress 
needed in a machined component and (2) validate the methodology with experimental 
data. 
1.3 Overview of the thesis 
In the following chapter, a review of the past and current work on machining 
induced residual stress will be provided. Further, a summary of the work done in the area 
of solving inverse problems is given. Chapter 3 will cover the physics-based modeling 
approach to orthogonal machining. Methods in determining cutting forces, stress state of 
the workpiece during the cutting action and the resulting residual stresses are presented. 
Chapter 4 will present in detail a novel inverse methodology that will allow for the 
prediction of the depth of cut, edge radius and force required to achieve the desired or 
required residual stress profile in the workpiece. The validation procedure of this new 
approach will be covered in chapter 5. Conclusions and recommendations for future work 










CHAPTER 2  
LITERATURE REVIEW 
Residual stresses in a machined part have a significant effect on the performance 
of the part. Since the 1950’s, researchers have done work in the prediction of residual 
stress. Research efforts have been composed of experimental findings, analytical 
modeling, finite element, neural network and various combinations of these efforts. This 
chapter will present a review of the previous modeling work in residual stresses produced 
by machining. Further, a review of the work done in solving inverse problems is given. 
2.1 Review on Machining Induced Residual Stress 
2.1.1 Experimental Efforts in Residual Stress Modeling 
One of the earliest efforts to determine the effect of machining on residual stress 
was  done experimentally around 1950 by Henriksen [4]. The study was conducted on 
low carbon steel orthogonally machined. Henriksen established that both mechanical and 
thermal effects played a role in the development of residual stresses, but that mechanical 
influence dominated.  
Liu and Barash work focused on uncovering how different aspects of the 
machining process affect the residual stress produced [7]. They found that for orthogonal 
cutting, four variables uniquely determine the pattern of the residual stress on a machined 
surface. These variables include the length of the shear plane, tool flank wear, the shape 
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of the cutting edge, and the depth of cut. The shape of the cutting edge was found to 
govern the residual stress near the machined surface. The length of the shear plane 
affected the bulk distribution of the stress. The tool flank wear increased the cutting 
temperature. In addition, a smaller depth of cut was not found to necessarily produce low 
subsurface stresses. They also concluded that a lower degree of constraint in the 
deformation process produces a lower level of residual stress.  
Sadat[8] looked at the residual stress distribution into the surface of the workpiece 
for turned AISI 4340 steel. The residual stress distribution was measured using a 
deflection etching technique. It was found that the absolute value of the residual stresses 
at the machined surface were low, but increased with increasing depth into the workpiece 
to a maximum value. After reaching this value, the residual stress value would decrease 
close to zero with increasing depth.  Furthermore, the peak residual stresses and depth of 
the stressed region increased with an increase in feed rate and depth of cut, but decreased 
with an increase in cutting speed.  
Sadat[9] also experimented with the orthogonal cutting of Inconel-718 nickel-
base superalloy. The surface integrity at the workpiece at various cutting speeds, depths 
of cut and chip-tool contact lengths was investigated. The experimental work involved 
the determination of residual stress, plastic strain and micro-hardness distributions in the 
surface region. Both residual stresses and plastic strains decreased and the quality of the 
machined surface improved with an increase in cutting speed, a decrease in depth of cut 
and with tools having controlled chip-tool contact lengths. 
Schlauer[10] examined the near-surface residual stress distributions that originate 
during turning in the nickel-based super-alloy Inconel 718. The turning process that was 
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used in the experiments was a face grooving process which gives quasi-orthogonal 
cutting conditions. The effects of the cutting speed and feed on the residual stress 
distribution measured using an optical, and a transmission electron microscopes, were 
investigated. The work showed that tensile surface residual stresses were due to nano-
sized grains while shear bands in the subsurface corresponded to compressive stresses. 
Jang[2] studied the surface residual stresses as a function of machining speed, 
feed rate, depth of cut, and tool geometry and coating for turning of AISI 304 stainless 
steel. The residual stress tensors were determined using X-ray diffraction. The surface of 
the workpiece was in state of plane stress with the principal axes directions close to the 
hoop and axial directions. Additionally, the tool sharpness was found to have the largest 
effect on residual stress.  
With the potential of hard turning as an alternative to grinding[11],[12], 
significant findings in terms of machining and residual stresses have been made.  Hard 
turning refers to the process of cutting hardened steels with a hardness from 45 to 68 
HRC, using a variety of tipped or solid cutting inserts, to final form and finish [13]. 
Efforts have been made also to characterize the effect of hardness on surface 
integrity characteristics [3],[14]. Wu and Matsumoto show that material hardness has a 
significant effect on the pattern of residual stress which remains in machined steel parts. 
From the experimental evidence presented, the shear angle is found to increase with 
material hardness. Furthermore, the average stress ratio in the primary deformation zone 
decreases as hardness increases. This effect leads to a more tensile residual stress in the 
workpiece. Thus, it was deduced that for machining various hardnesses of work-material 
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the change in residual stress pattern is mainly caused by the change of the shear angle in 
the chip formation process.   
Jacobson[12] conducted hard turning experiments on hardened M50 steel 
(61HRC). Tests were conducted using different tools while also varying the depth of cut 
during turning. Hard-turned M50 steel consistently showed compressive stress at the 
surface. The effective rake angle and nose radius of the tool affected the amount of 
residual stress generated in hard turning. Higher negative rake angle and smaller nose 
radius created a more compressive residual stress profile. The work also showed that the 
depth of cut did not affect the amount of residual stress generated.  
Thiele & Melkote[15],[16] conducted an experimental study to uncover the effect 
of tool cutting edge geometry on the workpiece subsurface deformation and through-
thickness residual stresses for finish hard turning of AISI 52100 steel. Polycrystalline 
cubic boron nitride (PCBN) inserts with edge hones and chamfers were used as the 
cutting tools. The inspection of the through thickness residual stresses reveals that large 
edge hone tools produce deeper and more compressive residual stresses than small edge 
hone tools or chamfered tools. 
2.1.2 Analytical and Statistical Efforts in Modeling Residual Stress 
Analytical and statistical modeling offers a clear advantage over pure 
experimental methods. It allows the quantitative prediction of the effect of cutting 
parameters on machining induced residual stresses. This section covers the research that 
has been done in this area of modeling of machining processes. 
One of the earliest studies was done in 1975 by Tsuchida et al. [6]. They 
investigated the effect of cutting conditions on the residual stress distribution obtained in 
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a turning operation. Cutting conditions such as the speed, the feed and the depth of cut 
were varied during the study. Several interesting results emerged from this investigation. 
A decrease of cutting speed decreases the tensile residual stress near the surface and 
increases the depth of the residual stress layer. An increase of feed shifts the surface 
residual stress toward tension side while increasing the depth of the residual stress layer. 
However, an increase in depth of cut did not affect the residual stress distributions. An 
empirical formula for the surface residual stress was produced from their experiments. 
Most significantly, it was found that the peak residual stresses can exist beneath the 
surface of machined components.  
Hardness is proved experimentally to have a significant effect on the residual 
stress formation. The work by Wu and Matsumoto[3] sought to understand the 
mechanism of residual stress formation during the orthogonal machining of AISI 4340, 
and to explain the  effect of hardness on it. In an effort to model residual stress formation, 
they employed the idea of a passing load over a point in the workpiece to mimic the 
cutting process. They assumed that all the points in the workpiece experience the same 
stress history which subsequently influences residual stress. An integration of the 
Boussinesq equation is employed to predict the stresses experienced in the subsurface due 
to the passing load. The analysis is based on the existence of several measurable factors 
that influence the stress field in the work-material during the cutting process. The 
sensitivity of these factors to hardness allows establishment of relationships between the 
hardness and the material loading cycle. The results of the analysis indicate that the 
residual stress pattern is correlated most strongly to the orientation of the primary 








Figure 2-1 Residual stress formation for (A) predominantly tensile loading and (B) predominantly 
compressive loading [3]. 
 
Fuh[17] developed a mathematical model for predicting the residual stresses 
generated during end-milling of 2014-T6 alloy. Cutting conditions such as the cutting 
speed, the feed, and the cutting depth, along with the tool geometries (tool nose radius, 
flank wear), are incorporated in the model. To reduce the number of experiments required 
for building the model, the Response Surface Methodology coupled with the Takushi 
method were used. The relationships between the residual stress and the cutting 
parameters were established through curve fitting. Even though good correlations 
between the experimental and predicted results were found, the model provided little 
insight into the physical relationship between the cutting parameters and the residual 
stress.   
Jacobus[18] developed a predictive model for evaluating residual stresses in 
orthogonal and controlled oblique machining. Based on the experimentally determined 
flow fields of Enaharo and Oxley[19], the deformation fields were developed for material 
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points passing beneath the cutting tool. Using these fields, the residual stresses were 
obtained through an incremental plasticity technique of Merwin and Johnson[20]. The 
deformation parameters were treated as function of the edge radius and the depth of cut. 
They were calibrated using experimental tests and optimization procedure. The research 
provided a rationale for the effect of thermal and mechanical loads on the shape of the 
residual stress profile. Although the work provided a sound fundamental basis for 
residual stress modeling, it was still largely dependent on curve fitting for the 
optimization of critical parameters.  
El-Axir[21] used Mittal and Liu’s[22] assumptions in an effort to develop a 
comprehensive experimental model of residual stress. The profile of the residual stress 
along the depth is assumed to be a polynomial functions of the depth. The coefficients of 
the polynomial are individual function of the machining parameters. Five different metals 
were machined by turning. The residual stress distribution in the machined surface region 
was determined using a deflection-etching technique. The tensile strength of these 
materials, and both the cutting speed and feed rates were considered as three input 
parameters affecting residual stress distribution. The model was able to predict both the 
locations and depth of the maximum residual stress.  
Cappello[23] tries to clarify the mechanism of residual stress generation during 
turning by developing an empirical relationship between residual stresses and process 
parameters. Three different metals were used in the study. It was found that the feed rate, 
the tool nose radius and to a minor extent the entrance angle influence the residual stress 
distribution. The material used only affected the mean level of residual stresses. Thus, the 
relationship between the most relevant process parameters and the residual stresses was 
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the same for all investigated material. The author concluded that there exists a common 
mechanism of residual generation that does not depend on the mechanical properties of 
the material.  
Many of these efforts in modeling residual stresses from machining have focused 
on a blend of empirical and analytical modeling, with more emphasis on the empirical 
aspect. This results in models that are very dependent on the material and the process 
used. Little to no insight into the physical relationship between the cutting parameters and 
the residual stress is usually given by these models.  
Su produced a comprehensive and thorough model for predicting residual stresses 
from machining process parameters and tool geometry information[24]. The prediction is 
based on first principles. Machining process output parameters such as cutting forces and 
cutting temperature were predicted as part of the overall modeling effort. These output 
parameters were used as the basis for determining the loads which generate residual 
stresses due to machining. The techniques used differed from previous efforts like that 
used by Jacobus in that extensive parameter calibration will be unnecessary because the 
loading inputs are determined from process output parameters such as cutting forces.  
2.1.3 Finite Element Modeling of Residual Stress 
With more affordable computer resources and modeling capabilities, some 
researchers have been focusing on the use of finite element as a method for predicting 
residual stress during machining. The first significant Finite Element Modeling (FEM) 
analysis was done by Okushima & Kakino[5]. The residual stresses caused by the 
mechanical effect of the ploughing force which exists at the tool edge and  by the thermal 
effect of the temperature distribution produced in orthogonal cutting process, are 
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modeled. The model is validated using residual stresses data obtained from X-ray 
diffraction experiment. Their findings showed that thermal effects lead to tensile residual 
stresses, and that mechanical effects produced compressive residual stresses. It was found 
also that in most cases of practical cutting, tensile residual stresses are produced on the 
machined surface.  
Mishra [25] developed an analytical model based on FEM to predict the residual 
stresses of thermal and mechanical origin due to surface grinding process. The 
temperature field within the workpiece is determined by considering that the temperature 
distribution is due to a moving heat source. In order to simulate the motion of the 
grinding wheel, an iterative procedure is employed to evaluate the effect of the step by 
step motion of the temperature field and the force. The influence of the magnitude of the 
mechanical force, the rate of heat input, and the speed of workpiece movement on the 
residual stresses generated were discussed.   
  Lin et al. [26] analyzed the combined the effect of thermal and mechanical loads 
on the residual stress of a machined workpiece. A thermo-elasto-plactic finite element 
model was used to determine the strain field in the workpiece. From the strain history, the 
concept of particle flow was used to determine the stress history of the material. The 
calcula ted residual displacement was compared with experimental results.   
Shih[27] developed a large-strain finite element simulation for the numerical 
analysis of orthogonal cutting of AISI 1020 using a perfectly sharp cutting tool. The 
modeling of the work material was very extensive and included the effects of large strain, 
temperature and strain rate. Distributions of normal and shear stresses, contours, and 
distributions of parameters along the contact zone, shear zone and under the cut surface 
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were presented. Furthermore, the distributions of residual stresses under the cut surface 
were compared with data obtained from X-ray diffraction measurements. Unfortunately 
like others, the model did not quite give good insight into the mechanisms of residual 
stress formation. 
Hua, Shivpuri et al. [28], used FEM (DEFORM_2D)model  which employs a 
hardness-based flow stress to predict the residual stresses profile during hard turning of 
AISI 52100 under various conditions. The effects of cutting edge geometry and 
workpiece hardness as well as cutting conditions, such as feed rate and cutting speed on 
the residual stresses are investigated. These predictions are validated by face turning 
experiments which were conducted using a chamfer with hone cutting edge for different 
material hardness and cutting parameters. A comparative study showed a reasonable 
agreement between the model predictions and experimental data.  
Liu and Guo[29] developed a thermo-elastic-viscoplastic model using the explicit 
finite element code Abaqus to investigate the effect of sequential cuts and tool-chip 
friction on residual stresses in a machined layer of AISI 304 stainless steel.  They found 
that the affected layer from the first cut has a significant effect on the residual stress 
distribution produced by the second cut. The characteristics of the residual stress 
distribution can be controlled by optimizing the second cut. For example, tensile residual 
stress on the machined surface in the first cut may be changed to compressive by 
optimizing the second cut. Furthermore, the residual stress is sensitive to friction 
condition of the tool-chip interface. 
In more recent work by Liu and Guo[30], the same finite element model was used 
to investigate further what parameters affect the residual distribution in the workpiece. It 
 15 
was found that cutting forces are dominant factors on the residual stress distribution. For 
large uncut chip thickness, thermal unloading has an appreciable effect on the residual 
stress on the machined surface, while its effect on the machined layer is slight; also, 
cutting force unloading has appreciable effect on the residual stress distribution. For 
small uncut chip thickness, clamping forces have the largest effect on the residual stress 
distribution on the machined surface and in the machined layer; cutting force unloading 
has a slight effect, while thermal unloading has little effect.  
Salio et al.[31] developed a two-dimensional finite element model to predict the 
residual stress distribution during orthogonal cutting.  The numerical solution was 
implemented through the implicit FEM code MSC.Marc. Continuous adaptive remeshing 
was performed in the simulation. Thermal effect and material work hardening were taken 
into account. The model results were compared with results from analytical models and 
with experimental data. In all cases, the FEM-predicted results were found to be in good 
agreement. Furthermore, the model gave interesting indications on how to select the 
values of depth of cut in order to reduce tensile residual stresses. 
An arbitrary-Lagrangian-Eulerian finite element model is developed by Nasr[32] 
to simulate the effects of cutting-edge radius on residual stress during orthogonal cutting 
of austenitic stainless steel AISI 316L. Residual stress profiles started with surface tensile 
stresses then turned to be compressive at about 140µm from the surface; the same trend 
was found experimentally. It was also deduced from the model that a larger edge radius 
induced higher residual stresses in both the tensile and compressive regions, while it had 
almost no effect on the thickness of the tensile layer. Further, a larger edge radius caused 
the maximum compressive residual stresses to be pushed deeper into the workpiece. A 
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stagnation zone was clearly observed when using non-sharp tools, and its size increased 
with edge radius.  
All the finite element studies previously mentioned were done in 2D. Guo and 
Liu[33] developed recently an explicit 3D finite element analysis model to analyze the 
turning process of AISI 52100 steels using a PCBN cutting tool. The model incorporated 
the thermo-elastic-plastic properties of the work material. An improved friction model 
has been proposed to characterize tool-chip interaction with the friction coefficient and 
shear flow stresses determined by force calibration and material tests. The finite element 
model predictions had reasonable accuracy for residual stresses.  
Finite element modeling methods have been able to predict the residual stresses 
due to cutting from process parameters. Although these predictions can be quite accurate, 
they do not provide a way to reverse the methodology since they don’t give good insights 
on the mechanisms which give rise to machining- induced residual stresses. Furthermore, 
FEM limits itself from use in an industrial environment due to sizeable computational 
expense. Any changes in the cutting conditions require re-computing the model which 
itself is time prohibitive. Consequentially, the use of FEM as a means for production 
guidance has been restricted.  
2.1.4 Neural Network Effort in Modeling Residual Stress 
Since the residual stresses at the surface region of a machined part are affected by 
several parameters such as cutting tool geometry, materials properties and cutting 
conditions, the methods presented earlier tend to fall a bit short when it comes to an 
accurate prediction of residual stresses. Researchers have started looking at artificial 
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neural networks, since they are very useful in applications where conventional analytical 
or numerical models are either not available or are too complex and difficult to solve.  
Artificial Neural Networks are the one of the most powerful computer analysis 
techniques based on statistical approaches. They are non- linear mapping systems that 
consist of simple processors, which are called neurons, linked by weight connections. 
Each neuron has inputs and generates an output that can be seen as the reflection of local 
information that is stored in connections. The output signal of a neuron is sent to other 
neurons as input signals via interconnections. Since the capability of a single neuron is 
limited, complex function can be realized by connecting many neurons. The neural 
network often consists of at least three layers namely input, hidden, and output layers and 
the back-propagation training methodology. It is widely reported that the structure of the 
neural network, representation of data, normalization of inputs-outputs and appropriate 
selection of activation functions have  a strong influence on the effectiveness and 
performance of the trained neural network. In recent years, ANNs have been extensively 
applied in the modeling of many metal cutting operations such as turning, milling and 
drilling. 
Liu et al.[34] developed a neural network to detect wear of the drill bit during 
drilling. The input vector comprised of drill size, feed rate, spindle speed, and eight 
features obtained by processing the thrust and torque signals. These features were: 
average thrust, average torque, peak thrust, peak torque, RMS thrust, RMS torque, area 
under thrust vs. time curve, and area under torque vs time curve. The output was the drill 
wear state which was either usable or failure. Drilling experiments with various drill 
sizes, feed rates and spindle speeds were carried out. The learning process was performed 
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effectively by utilizing back-propagation with smoothing and an activation function 
slope. The on- line detection of drill wear states was 100% reliable even when the drill 
size, feed rate and spindle speed were changed.  
Dimla and Lister[35] built a neural network to asses the tool state during a turning 
operation. The test cuts were conducted on EN24 alloy steel using P15 and P25 coated 
cemented carbide inserts, and online cutting forces and vibration data acquired. 
Simultaneously the wear lengths on the cutting edges were measured, and these together 
with the processed data were fed to the neural network trained to distinguish tool-state. 
The developed system was tested for a variety of cutting conditions, and its ability to 
distinguish changes in tooling material and cutting conditions from those arising from 
tool wear was assessed. The system was found to be capable of accurate tool state 
classification in excess of 90% accuracy but deteriorated when the cutting conditions 
were significantly changed.  
Besides tool wear monitoring, other applications include the used of ANN 
approaches to determine the optimal cutting conditions for efficient and economic 
production and the investigation of surface roughness. 
The work by Zuperl et al. [36] proposed a new hybrid optimization technique for 
complex optimization of cutting parameters. The developed approach is based on the 
maximum production rate criterion and incorporates 10 technological constraints. The 
multi-objective technique of optimization of cutting conditions is achieved by means of 
artificial neural network and OPTIS routine which take into consideration the 
technological, economic and organizational limitations.  Experimental results show that 
the proposed optimization algorithm for solving the nonlinear-constrained programming 
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problems is both effective and efficient, and can be integrated into an intelligent 
manufacturing system for solving complex machining optimization problems.  
An artificial neural network model was developed by Ezugwu et al. for the 
analysis and prediction of the relationship between cutting and process parameters during 
high-speed turning of nickel-based, Inconel 718. The input parameters of the ANN model 
were the cutting parameters: speed, feed rate, depth of cut, cutting time, and coolant 
pressure. The output parameters of the model are seven process parameters measured 
during the machining trials: tangential force, axial force, spindle motor power 
consumption, machined surface roughness, average flank wear, maximum flank wear and 
nose wear. The model consists of a three- layered feed forward backpropagation neural 
network. The network is trained with pairs of inputs/outputs data sets generated when 
machining Inconel 718 alloy with triple (TiCN/Al2O3/TiN) PVD-coated carbide inserts. 
A very good performance of the neural network, in terms of agreement with experimental 
data, was achieved.  
Recently, Umbrello et al.[37]made use of an artificial neural network to predict 
subsurface residual stresses in hard machining for different combinations of material 
properties, cutting tool geometries and cutting conditions. The three layer neural network 
was trained on selected data from chosen experiments on hard machining of 52100 
bearing steel, and then validated by comparing with data from numerical investigations, 
and empirical data from published literature. Predictions errors ranged between 4 and 
10% for the whole data set. The authors claimed that the model developed could be used 
to predict process parameters from residual stresses. 
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As mentioned, residual stress at the surface region of the workpiece is affected by 
several parameters. At a first glance, an artificial neural network seems to be a great 
method to use to predict accurately and efficiently the residual stresses from cutting 
process parameters. According to Shick[38], who conducted a review of more that a 
decade of research, ANN is not marketable right now and has yet to been in 
industry[39],[40]. The reasons are due to the insufficient generalization capabilities, as 
the use is restricted to a specific machine tool, only a small range of cutting conditions is 
allowed or time consuming “teach-in” cycles are needed.  
2.2 Literature Review on Inverse Method Modeling. 
The concept of the inverse problem has been applied in a wide range of scientific 
and engineering disciplines in recent years. It usually implies identification of inputs 
from outputs, or determination of unknown causes from known consequences. Some 
examples include reconstruction of a topographic image from X-ray shadow pictures, 
inverse scattering for detecting defects of materials, determination of mass distribution of 
mechanical structures by their natural frequencies, estimation of the properties of the 
earth, identification of heat conductivity from boundary conditions and determination of 
boundary tractions from stress data [41].   
 In general, a mathematical model is used to describe the objective revolution 
process of a physical phenomenon and it fully reflects the phenomenon. Initial and 
boundary conditions are given later. Approaching a problem in such a direction normally 
leads to a well-posed solution which refers to the presence of a unique and continuous 
solution to a mathematical equation. For a mathematical equation without sufficient 
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constraints the solution is rarely unique; with too many constraints, the solution will not 
exist.  
In an inverse problem, some of the conditions are known while the others are 
unknown, making a gray system. Such a problem usually generates an improperly posed 
or ill-posed solution which makes it difficult to derive the representation of the solution. 
Numerical methods tend to be used to solve inverse problems. However, there are too 
many iteration calculations to handle, and such methods are prone to solution 
instability[42]. 
Tikhonov and Arsenin [43] proposed a concept of solving problems with an ill-
posed solution in the field of engineering. They suggested that solution of an inverse 
problem included the analysis and optimization processes. During the analysis process, 
the unknown conditions are first replaced by assumptions; then a finite element method 
or finite difference method must be used to solve the problem generating a set of 
numerical solutions.  The results need to be compared with measured (experimental) 
data to obtain residual values. During the optimization process, a regularization item is 
added to form a non linear problem. An acceptable estimated value can be derived from a 
non- linear problem by means of numerical optimization methods such as the conjugate 
gradient method or Gauss-Newton method  
The engineering inverse problem was first used in the problem of unknown heat 
source. Sparrow et al.[44] used the differential method and Laplace transform to 
inversely derived the temperature and heat flux at surface of a solid when only the 
temperature at the interior location is prescribed. Trujillo[45] used a dynamic 
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programming method and generalized cross validation (GCV), plus the L-curve, to solve 
the inverse heat transfer problem, structural and vibration problems.  
Garo and Mura [41] have used the residual surface displacements to determine the 
residual stress field in the vicinity of the damage domain caused by a serie s of unknown 
loading. It has been shown that the equivalent plastic strains, though different from actual 
ones, induce the actual stresses outside of the equivalent damage domain. They claimed 
that the results presented could be extended to the inversion of residual stresses caused by 
cracks and inhomogeneities. Beck[46] adopted the sensitivity concept to solve non-linear 
and multi-dimensional heat transfer of the inverse heat conduction problem.  
Yeih and Koya[47],[48] presented a theoretical approach of solving an inverse 
elasticity problem with partially over-prescribed boundary conditions. The regularization 
method, which has been employed by Gao and Mura, is used to solve the problem 
indirectly. Chao et al.[49]studied the two-dimensional elasticity problem an isotropic 
material, containing a centered-crack with unknown boundary traction using the inverse 
procedure. The goal of their work was to establish a frame work of solving the unknown 
traction problem of a complex marine structure. The conjugate gradient method and the 
regularization method are utilized during the inverse procedure.  It was found that when 
the stress data is used in the inverse analysis, the predicted boundary traction is more 
accurate than those using displacement data.  
In the manufacturing area, Huang et al. [50] used the conjugate gradient method 
to inversely solve the unknown contact convection value during metal casting. Using the 
conjugate gradient method, there was no need for the assumption of a specific functional 
form for the unknown quantity, since the solution automatically determines the functional 
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form over the domain specified.  The method proved to be stable and converged over an 
order of magnitude faster than the least square method.  
Lin et al.[51]developed an inverse calculation process for the upsetting process 
based on the combination of the axial symmetric thermo-elastic-plastic finite element 
method, the concept of inverse calculation and the Levenberg-Marguardt method plus a 
constraint function and the setting of a convergence criterion. The developed process was 
used to inversely solve for the variation of the friction coefficient during the upsetting 
process of mild steel by the experimented load. 
Yvonnet and al. [52]developed an inverse procedure to determine the heat flux 
distribution flowing into the tool through the rake face and the heat transfer coefficient 
between the tool and the environment during a typical orthogonal cutting process. The 
procedure is based on integrations of numerical simulations, inverse approach algorithms 
and experimental tests. A finite element model is created to model the region of interest. 
A set of instrumented split- tools, characterized by embedded thermo-couples and 
properly designed tight slots filled with non-conductive material, are used to measure 
temperature at the tool tip during cutting. They assume that the real heat flux distribution 
could be approximated by a piecewise cons tant function. Using the measured 
temperatures, the average heat flux (Qi) was found by doing an iterative Newton-
Raphson procedure to minimize an error term defined by the difference between the 
calculated and the experimental temperature history at a point of the tool.  
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2.3 Summary 
In this chapter, a literature review of the modeling work done on machining 
induced residual stresses is given. A review of the work on solving inverse method is also 
given. As presented, no work exists in determining process parameters from a given 
residual stress profile, and most of them gave little insight into the mechanisms of 
residual stress formation. Nonetheless, the work done by Su based on first principles 
could help with the development of an inverse method in predicting process parameters. 
The review of the work done on inverse modeling reveals that a pure mathematical 
approach is impractical in developing an inverse method for this research in view of the 
fact that the boundary conditions such as length of the shear zone, the length of the 
contact between the tool and the newly generated surfaces, and the deformed surface 
geometry are all unknown.  
The basic objectives of this research are (1) develop a methodology to predict the 
depth of cut, the tool edge radius, and the cutting forces required from the surface 
residual stress needed in a machined component and (2) validate the methodology with 
experimental data. 
The research will fill in the void that exist in the area of machining induced 
residual stress by providing a method to extract machining process information from 
residual stresses. This methodology would allow for the prediction of an optimal set of 
cutting process and tool geometry parameters using a desired or required residual stress 
profile as input. Many other benefits could be derived from such methodology: 
• Achievement of a better control over the surface integrity of a part.  
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• Improvement of Hard Turning competitiveness in replacing multiple 
grinding processing steps.   
• Reduction of trial-and-error tooling design cycle time since a tool 
geometry information can be extracted from residual stress profile 
requirement 
The methodology will consist in developing an analytical model based on 


















CHAPTER 3  
FIRST-PRINCIPLES BASED MODELING OF AN ORTHOGONAL 
CUTTING PROCESS. 
Residual stress modeling in the area of machining has been the subject of research 
because of the direct effect of this type of stress on the performance of a machined part. 
As presented in the previous chapter, the modeling efforts have included experiments, 
analytical & statistical, finite element, and neural network methods. Throughout the 
previous research work, several parameters have been identified as having an effect on 
residual stress formation. Among these parameters are the tool geometry (hone radius, 
rake angle, flank wear), the cutting conditions (depth of cut, cutting speed) and the 
material behavior (hardness, flow stress). Even though these parameters have been 
recognized as being significant in residual stress formation, the previous research efforts 
do not provide a clear insight into the mechanisms of residual stress formation. The 
quantitative and qualitative effect of each parameter could be hard to determine. 
In order to come up with an inverse methodology that enables the  prediction of 
cutting conditions and tool geometry parameters from a desired residual stress profile, the 
mechanisms of residual stress formation have  first to be clearly established. A first-
principles based approach to machining coupled with stress prediction provides the 
means necessary to develop the inverse methodology sought after. The meaning of first-
principles modeling or physics based modeling is that the forces generated during cutting 
will be determined from the cutting parameters using physics based relations. Then, using 
 27 
these loads as input, the residual stress can be determined without the need for extensive 
parameters calibration.  
In the next sections of the chapter, the physics based modeling approach to 
orthogonal machining is covered. The methods in determining the cutting forces, the 
stress state and the resulting residual stresses are presented.  
3.1 Force Modeling 
A lot of research work about forces estimation during machining has been done 
over the over the years. One of the earliest analyses of cutting forces was done by 
Merchant [53]. His work was based on the assumption that the shear angle adjusts itself 
to minimize the cutting force. Others have incorporated a slip line theory to predict the 
cutting forces in orthogonal cutting [54-56]. These forces consist of the “sharp tool” 
forces generated due to the chip formation and the ploughing forces due to the tool edge 
radius. In the next two sections, the work done by Oxley to estimate the “sharp tool” 
forces and the work done by Waldorf to model the ploughing forces will be presented.  
3.1.1 Forces generated using a sharp tool 
The forces generated using a sharp tool are well captured by Oxley’s work [54]. 
He developed a slip- line cutting force model derived from experimental observations in 
metal cutting. Plain strain, steady state conditions are assumed. The geometrical 

























Figure 3-1. Model of chip formation used in Oxley's analysis 
 
The most critical parameter, the shear angle φ, is selected so that the resultant 
forces transmitted by the shear plane AB and the tool-chip interface are in equilibrium. 
The Oxley’s approach to finding the appropriate shear angle is calculated iteratively. 
Once the shear angle is defined, other parameters (i.e. chip thickness) are determined.  
Oxley in his work assumed that the material flow stress is a constant once the 
material is specified. However, during the cutting process, high strain, strain rates, and 
temperatures are generated in the cutting zone. Therefore, the material flow stress as a 
function of strain, strain rate, and temperature needs to be incorporated in the original 
Oxley’s shear angle estimation. The Johnson-Cook flow stress equation is used to model 
the material flow stress[57].  
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 Eq. 3-1 
where σ is the effective stress, εp is the effective plastic strain, pε& is the effective plastic 
strain rate, T is the temperature of the material, Tm is the melting point of the material, 
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and T0 is a reference temperature; the terms A, B, C, m, n, and 0ε& are material constants. 
The following is a simplified flowchart of Oxley’s cutting force Model. 
 
Cutting Conditions
Rake angle, Cutting speed, Depth of cut, 
Width of Cut, Material Properties
Oxley’s Cutting Force Model
• Iterate to find TAB
• tan θ =1+2(π/4-φ)-Cn, λ=θ-φ+α
• R=Fs/cosθ, F=Rsinλ, N=Rcosλ, Fc=Rcos(λ−α)
• Iterate to find Tchip
• kAB, τint, kint
Initial Value for Shear Angle (φ)
τint = kint ?
φ, kAB, FC, FT





Figure 3-2 Simplified flowchart of Oxley's cutting force model 
 
From an initial value for the shear angle based on cutting conditions, the temperature rise 
in region AB is computed in order to predict the flow stress kAB in AB.  The strain along 










  Eq. 3-2   
 30 







ε =&  Eq. 3-3   
The flow stress along AB is then given by 
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 Eq. 3-5   
The friction angle λ is given by  
 λ θ α φ= + −  Eq. 3-6   
where the inclination angle θ of the resultant force is given by 
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 Eq. 3-7   
In the above equation, the term Cn used in the present application differs from the 
original definition in Oxley’s model.  The modified version allows the Johnson-Cook 
flow stress model to be incorporated into the cutting force model.  The modified Cn term 















 Eq. 3-8   
where A, B, and n are constants defined in the Johnson-Cook flow stress equation. 
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 Eq. 3-9   
Assuming the stress distribution along the tool chip contact length is constant, the shear 




τ =  Eq. 3-10  
The temperature rise in the chip is then computed based on the method described by 
Oxley [54].  The resulting expression for the average flow stress in the chip is given by: 
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=&  Eq. 3-13  
For each shear angle φ increment, all of the computations are made to determine τint and 
kchip .  The highest value of φ at which τint = kchip is chosen as the shear angle for the 
process.  The outputs of the model include the shear angleφ, flow stress, cutting force cutF  
and thrust force thrustF . 
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3.1.2 Tool with edge radius  
The model proposed by Oxley predicts the cutting force components for a 
perfectly sharp tool (edge radius = 0). However, the tools are never perfectly sharp. In 
order to instill strength and roughness in the cutting edge, a hone or chamfer is usually 
added to the tool geometry.  
In 1960, the studies of ploughing in metal cutting were first attempted to explain 
why the apparent coefficient of friction between the rake face of the tool and the chip 
varied with rake angle; a finite radius on the cutting edge was believed to be responsible 
by contributing additional force on the material downward below the edge and pressing 
into the workpiece [60]. Since then, a significant amount of work has been done 
regarding the contribution of the hone radius to the overall force required during 
machining [61-66]. 
Among the different models to capture the ploughing forces due to tool edge 
roundness[67], [68],[69] the model developed by Waldorf [56, 66] provides a reasonable 
method for predicting the ploughing forces and decomposing a measured force into 
shearing and ploughing components. The new slip-line model incorporates the observed 
phenomena of a small build up edge of material adhering to the edge and a raised prow of 
material forming ahead of the edge. The geometrical representation of the cutting zone is 
shown in figure 3.3.  
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Figure 3-3. Waldorf's slipline field for ploughing [56] 
 
In the above figure, er  is the edge radius, α is the rake angle, φ  is the shear angle, ρ  is 
the prow angle, R is the radius of the circular fan field centered at A, and t  is the depth of 
cut.  
The stable build-up region is shown shaded with point A at the point of material 
separation. AB essentially represents the traditional shear plane inclined at the shear 
angleφ . The prow is inclined at angle ρ  with respect to the uncut workpiece surface. 
The vertical distance between the uncut workpiece surface and the machined workpiece 
surface is the uncut chip thickness ct . 
The remainder of the field below AB  can be determined from frictional and 
geometric considerations. Due the high normal stresses on the lower interface between 
the tool (build-up region) and the workpiece CA , a constant frictional stress τ is assumed 
proportional to the materia l shear flow stress as described by the following equation: 
 m kτ = ∗  Eq. 3-14  




















According the governing rules of slip- line field theory[70], slip- line meets the 
bottom surface of the built-up region at angles η and / 2π η− according to  
 10.5cos ( )mη −=   Eq. 3-15  




θ ρ φ= − −   Eq. 3-16   
and 
 ( )1sin 2sin( )sin( )γ η φ ρ η−= + −  Eq. 3-17  
















   = + + +      +    
 Eq. 3-18  


















 Eq. 3-19  
With a correct estimation of the flow stress of the material, the ploughing forces can be 
determined by the following set of equations: 
 
( ) ( )
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( )( ) ( )
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1 2 2 sin 2 sin




P k w CA
P k w CA
η φ γ η
θ γ η φ γ η
θ γ η φ γ η
η φ γ η
− + + 
= ⋅ ⋅ 
+ + + − +  
 + + + − + −
= ⋅ ⋅ 
− +  
 Eq. 3-20  
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3.1.3 Average angle  
The last two sections dealt with estimating the ploughing forces due to roundness 
of the tool edge and the forces due to a sharp tool. In these modeling efforts, the rake 
angle used was assumed to be equal to the nominal rake angle of the tool. However, due 
to the roundness of the tool, the effective rake angle will undoubtedly vary with the depth 
of cut as well as the size of the cutting edge. It has been shown that for a shallow depth of 
cut relative to the radius of the cutting edge, the effective rake angle will become more 
negative compared to the nominal rake angle.  
Manjunathaiah [71] developed a model to estimate the effective rake angle 
necessary for force modeling. The essential elements of his model are depicted in the 
figure 3.4. The average rake angle, avgα , will depend on the uncut chip thickness t , the 
edge radius er , the separation or stagnation point angle θ , and the nominal rake angle of 
the toolα . Material above the separation point P goes to the chip while the material 
below will be part of the workpiece. The separation angle has been known to play an 
important part and it has been studied previously by some researchers [61, 72, 73]. 
Basuray [61] derived the value for the separation angle by an approximate energy 













Figure 3-4 Adapted from Manjunathaiah [71].  Schematic for computing the average rake angle  
 
If the tool geometry and cutting conditions are known, then there are two possibilities for 
the average rake angle.  For the case where the uncut chip thickness is less than the radius 

































   − −   
   − ≤ +
  − +
    = 
   − − +     > +  
− +     
 Eq. 3-21  
 
If the uncut chip thickness is greater than the edge radius then the average rake angle is 

































   − −    +   − ≤
  − +
    = 
   − − +    +  >  
− +     
 Eq. 3-22  
3.2 Temperature Modeling 
The thermal effects due to the cutting process can have a significant effect on the 
residual stresses produced.  Researchers have shown that increased cutting temperatures 
result in greater tensile residual stress on the surface of a machined component [4, 26].  
Jaeger [74] developed a method of determining the temperature rise due to moving heat 
sources.  Extensions of his method have been used extensively in the literature to 
determine the temperature rise due to cutting [75-77].  
3.2.1 Modeling Workpiece Temperature Rise 
In modeling the workpiece temperatures, two heat sources are assumed to exist.  
The first is the primary heat source generated from the shear zone.  The second heat 
source is a result of rubbing between the tool and the workpiece.  The workpiece surface 
is considered to be insulated in this study as illustrated in figure 3.5.  To satisfy the 
















Figure 3-5  Adapted from [78].  Heat transfer model of primary source relative to workpiece 
 
The temperature rise at a point M(X, Z) is the combination of the primary and 
imaginary heat sources.  The total temperature rise at any point M(X, Z) due to the 
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  = − + − 
   















A similar application of the moving heat source is used to determine the 
temperature rise due to rubbing between the cutting edge and the workpiece.  The 
rubbing between the tool edge and the workpiece is treated as a moving band heat source.  
Since the workpiece surface is considered insulated, an imaginary heat source coincident 
with the original rubbing heat source is used to model the temperature rise.  The moving 
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band heat sources are shown in figure 3.6.  The temperature rise in the workpiece due to 
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Figure 3-6  Adapted from [78].  Heat transfer model of rubbing heat source relative to workpiece 
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= ⋅ − + 
  
∫ Eq. 3-24 
γ in the equation is a partition of heat transferred into the workpiece during cutting.  An 
approximate value for the partition ratio based on material properties of the tool and the 








=  Eq. 3-25  
where k, ρ, C, k t, ρt, and Ct, are the thermal conductivity, density, and specific heat of the 
workpiece and tool, respectively [79]. 
The heat sources qshear and qrubbing are determined from the cutting parameters and 
the cutting force models described in the previous section.  The resulting expressions for 
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=  Eq. 3-27  
3.3 Stress Modeling 
3.3.1 Elastic Stress Field 
Capturing the stress history experienced by the workpiece during cutting is 
necessary to predict residual stresses. To obtain the stress history, a rolling/sliding 
approach that can model the cutting operation is used. In this approach, the contact 
between the tool and the workpiece is represented by a cylinder rolling on a semi- infinite 
plane, as shown by figure 3.7. The point A seen in this figure represents an arbitrary point 
in the workpiece. The load exerted by the tool on the workpiece is given by the overall 
cutting force estimated in the previous section. As a reminder, the cutting force consists 
of the force components from both the sharp and rounded edge tools.  
 
Figure 3-7 3D representation of an orthogonal cutting process 
The 3D model depicted in figure 3.7 can be further simplified geometrically down 
to a 2D problem by assuming a plain strain condition (the deformation into the page is 
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negligible). The load distribution experienced by the semi- infinite plane due to contact by 
the cylinder is derived from classical Hertz theory[20]. 
 Given a normal load normalP , the shear load normalQ  is obtained using equation 3-28  
where µ  is the coefficient of friction. By using this relationship between the two loads, 
the cylinder is considered to be sliding and not rolling on the surface of the semi- infinite 
plane or workpiece[80]. Further, this relation helps truly characterize an orthogonal 
machining operation where a tool is sliding, as opposed to rolling on the workpiece.  
 normal normalQ Pµ=  Eq. 3-28 





=  Eq. 3-29  







0 =  Eq. 3-30  
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   − −
= + +   
   
 Eq. 3-31  
where R1 and R2 represent the radii of curvature of two cylinders, and E1, E2 and v1, v2 
are the respective Young’s moduli and Poisson’s ratios. In the case of sliding on a flat 
half-space, R2 = ∞ .  
The semi elliptical distribution of the both normal and tangential pressure are 







 = −   








µ  = −   
 Eq. 3-33  
 
Figure 3-8. 2D representation of contact load during an orthogonal cutting process. 
In an orthogonal machining process, there are two load sources. One sources due 
to shearing action during cutting (sharp) and the other is due to the rubbing of the tool on 
the newly generated surface because of the tool roundness. These two sources are 
depicted in figure  3.9 
 
Figure 3-9. Loads due to the shearing action and the roundness of the tool tip 
 
In his work on residual stress modeling, Su shows that no  significant loss in 
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uniformly distributed for both regions [24]. From the force components obtained from 
shearing action (sharp tool) conditions, the 0
sharpp  and sharpoq are obtained as follows 
 
( ) ( )
( )0
sin coscut thrustsharp F Fp
w AB
φ φ+
=  Eq. 3-34  
 0
sharpq flowstress= −  Eq. 3-35  
From extra force components (plouging forces) due to rubbing of the tool of newly 
generated surface, the 0








µ=  Eq. 3-37  
From the normal and tangential pressure on the surface of the semi- infinite plane 
or workpiece, many researchers like Smith and Liu have developed analytical expressions 
of the stress field inside the semi- infinite plane[81]. Wu and Matsumoto used a similar 
method to determine the stress fields due to shear loads in a cutting operation[3]. The 
stress components at a point A into the workpiece, while the tool is sliding over the 
surface can be determined analytically.  
For every step of the cylinder at the surface of the workpiece, the expressions for 
the stress components at point A due to the edge radius are determined by the following 
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 Eq. 3-38  
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∫ ∫
 Eq. 3-39  
 It should be noticed that a different coordinate system is used (X’, Z’). The 
coordinate system corresponds to the shear zone coordinate system as depicted in figure 
3-10. In order to determine the total stress in the workpiece, the stress components with 
respect to the workpiece coordinates must be found (X, Z) in order to combine with the 
stresses due to the edge radius. 
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Figure 3-10 Coordinate system of the shear plane with respect to the workpiece 
To do so, a rotation matrix is used to transform the stresses in the (X’, Z’) 
coordinate system to the (X-Z) coordinate system. The rotation matrix, Q, is given by: 






=  − 
 Eq. 3-40  
The stresses components from the shear zone expressed in the workpiece 
coordinate system are given by 
 [ ] ' ' '_
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   =     
 
 Eq. 3-41  
Using the principle of superposition, the stress history experienced by the 
workpiece due to a sliding cylinder is captured. A closer look at equations 3-38 and 3-39 
reveals a singularity at the surface (z = 0). This singularity is dealt with by assuming that 
the stress field in the workpiece is continuous and that the stress field at the surface is the 
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3.3.2 Yield Surface and Plastic Strains  
After determining the elastic stresses, the plastic stresses components need to be 
determined. First, the stress state at which plastic deformation or yielding at a point will 
occur needs to be established. The von Mises criterion will be used to establish the yield 
surface. Assuming an isotropic and homogeneous material, the yield function can be 
written mathematically in the form 
 
' 2
2( ) 0ijF J Rσ = − =  Eq. 3-42  
where '2 2
ij ijS SJ =  is the second invariant of the deviatoric stress tensor ijS , and R is the 
uniaxial normalized radius of the yield surface. 
In the case of elastic deformation, the following condition needs to be 
true: ( ) 0ijF σ < ; during plastic deformation, ( ) 0ijF σ ≥ needs to hold true. 
Including the kinematic hardening effect, the yield surface can be rewritten as 
follows 
 ( ) ( ) 23
2 ij ij ij ij
F S S Rα α= − − −  Eq. 3-43   
where ( )/ 3ij ij kk ijS σ σ δ= −  is the deviatoric stress tensor, ijα  is the backstress tensor 
which geometrically represents the center of the yield surface. 
 
After establishing the yield surface, the plastic strains need to be found. As it has 
been established, plastic deformation is associated with the dissipation of energy so that it 
is irreversible, and the deformation process is history or path dependent. Due to its path 
dependent nature, the constitutive equations for plastic deformation must be in 
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differential equation or incremental form. The incremental plastic strains throughout the 
deformation history have to be calculated and accumulated to determine the total plastic 
strains[82].  
Researchers have developed constitutive equations or plastic flow rule to 
determine plastic deformation[82]. The plastic flow rule considered in this work is given 
by the following equation  
 
1p
ij mn mn ijS n nh
ε = &&  Eq. 3-44  
with ( ) ( )3 / 2 /ij ij ijn S Rα= −  which are non-zero components of the unit vector in the 
plastic strain rate direction; h is the plastic modulus which determines the rate of material 
hardening; the bracket used in equation 3-44 is the MacCauley bracket defined as 
( )xxx += 5.0 .   
3.4 Residual stress modeling 
Now that the plastic strains are found with the previous equations, the plastic 
stresses and ultimately the residual stresses need to be determined. The hybrid algorithm 
proposed by McDowell [83] is well suited to predicting residual stresses from the elastic 
stress fields generated through rolling or sliding contact. This algorithm combines 
attractive features of previous rolling/sliding contact models [84], [85],  enabling a stable 
prediction of residual stresses and subsurface plasticity over a range of loading conditions 
ranging from small to large plastic-strain ranges. This fusion of these models is done by 
using a blending func tion Ψ .  The mathematical expression for this function is as follows 
 48 










exp1 κ   Eq. 3-45 
where G=E/(2(1+v)) is the elastic shear modulus; κ  is a constant.  
Ψ approaches zero as h approaches zero in the case of perfectly plastic behavior 
of the material. Ψ tends toward unity as h approaches infinity in the case of initial 
yielding.  
For this hybrid algorithm neither the assumption of zero strain rate in the cutting 
direction 0=xxε&  [86] nor the assumption of elastic stress in the cutting direction 
*
xxxx σσ && =  [84] are assumed during plastic flow. The blending function is used to impose 
a sliding/cutting direction strain rate according to  
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 = − + + ∆ + + + + 
  = Ψ − + + ∆ + + + +   
& & & & & & & &
& & & & & & &
Eq. 3-46 
The plane-strain condition assumed requires the strain rate in the transverse 
direction to be equal to zero.  This condition is represented by the following equation: 
 ( ) ( )* * *1 1 2 0yy yy xx zz xx xx yy yy zz zz xz xz yyT n n n n nE hε σ ν σ σ α σ σ σ τ = − + + ∆ + + + + = & & & & & & & & Eq. 3-47 
The above expressions are solved simultaneously for plastic stress increments in 
the sliding/cutting and the transverse directions, ,xx yyσ σ& & . 
For the elastic case, ( );xx xx yy xx zzσ σ σ υ σ σ∗ ∗ ∗= = +& & & & , are employed as consistent 
limiting cases of  the two previous equations as h → ∞ in agreement with the elastic 
Hertzian solution for plane-strain conditions. 
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As the cylinder slides over the semi infinite plane, no effort is made to maintain 
equilibrium. After the passage of the cylinder, a relaxation scheme is introduced in order 
for the residual stresses and strains to satisfy the boundary conditions prescribed by 
Mervin and Johnson[20]. These conditions are presented in following set of equa tions 
 
( ) ( ) ( ) ( ) ( ) ( )





xx xx yy yyr r r r
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f z f z
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ε σ γ τ
= = = =
= = = =
 Eq. 3-48  
Any non-zero components σzzR, τxzR, εxxR, and TR are incrementally relaxed until the 
boundary conditions are met.  If M steps are used for the relaxation process, then the 




















σ .  
At the end of the relaxation procedure, both σxx and σyy will be non-zero.  These values 
are the true residual stresses that remain in the body. 
During relaxation, there are two possibilities for material behavior:  purely elastic 
relaxation and elastic-plastic relaxation.  For purely elastic relaxation, 0<F .  The elastic 
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 Eq. 3-51 
3.5 Summary 
In this chapter, a first principle based model of cutting force and an analytical 
approach to estimating residual stresses during machining were presented. These methods 
constitute the base for developing an inverse method to estimate cutting and tool 











CHAPTER 4  
REVERSE METHODOLOGY 
The reverse methodology in this work will consist of obtaining the depth of cut 
and edge radius of the tool from a given or required surface residual stresses in a 
workpiece. The inverse solutions to the methods presented thus far for modeling residual 
stress in the workpiece will be developed.  
The following figure shows the flowchart of the methodology. The inputs to the 
model are the residual stress information at the surface and the tool & workpiece material 
properties. Using these inputs, the tractions that would have led to the input residual 
stresses are calculated. The method that enables such calculation will be discussed in 
section 4.2. From the stresses calculated, the depth of cut is estimated using the method 
that will be presented in section 4.3. In section 4.4, the shear zone characteristics are 
found through an inverse method based on force equilibrium. Utilizing the depth of cut 
and the shear zone charateristics, the hone radius is estimated through an inverse method 
based on the slip- line model. This will be discussed in section 4.5. 
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Shear Zone characteristicsDepth of cut
Stress fields in the 
workpiece
Stress fields in the 
workpiece
•Residual Stress
•Rake angle, width of cut
•Workpiece & Tool Materials Properties 
Inverse Method based on
•Slip-Line Model (Waldorf) 
•Edge Radius, 
•Total cutting Force (Chip formation force + Ploughing force) 
Inverse Method based on:
•Rolling/Sliding contact Theory
•Hybrid Residual Stress Algorithm (McDowell)
Inverse Method based on:
•Specific Cutting Energy 
Inverse Method based on 
•Force equilibrium 
 
Figure 4-1 Reverse Methodology to estimate process parameters from residual stress 
4.1 Interpretation of the Residual Stress Profile 
Before explaining the methodology where residual stresses are used to predict 
process parameters, interpretation of the residual stress profile is presented in this section. 
As mentioned previously, Jacobus [18] presented an approach to understanding the 
residual stress profile produced in machining.  An overview of Jacobus’s descriptive 
model is provided for that purpose. Further, the model will help explain some the 
assumptions and reasoning behind the reverse model developed.  
Jacobus suggested that the workpiece is comprised of distinct layers as shown in 
figure 4.2. Layer S corresponds to the surface and near-surface layers of the workpiece 
where both thermal and mechanical effects are significant.  Layer D represents the region 
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where only mechanical loads are significant.  Layer B represents the remainder of the 
workpiece where residual stress magnitudes are negligible. 
thermal and mechanical effects  
mechanical effects only 
no effects 
Rigid Rigid 
D – subsurface 





S – surface and near surface 
 
Figure 4-2 Adapted from Jacobus [18].  Schematic for development of machining-induced residual 
stress 
 
In modeling the elastic constraint imposed on each layer by its neighbors, rigid supports 
are fixed to the end of each of the layers, with one rigid support fixed and the other free 
to translate.  The total strain in the S layer is the sum of elastic strain εSE, plastic strain 
εSP, and thermal strain εST. 
 E P TS S S Sε ε ε ε= + +  Eq. 4-1   
In a similar vein, the total strain in layer D where only mechanical effects are significant 
may be written as the sum of elastic and plastic components. 
 E PD D Dε ε ε= +  Eq. 4-2   
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The strain in the workpiece substrate is purely elastic and is given by: 
 EB Bε ε=  Eq. 4-3 
The constraints require that the total strains be equal in each of the layers. 
 S D Bε ε ε= =  Eq. 4-4   
Equilibrium of the structure without external loading is given by  
 0S S D D B Bd d dσ σ σ+ + =  Eq. 4-5   
where dS is the thickness of the surface/near-surface layer, dD is the thickness of the sub-
surface layer, and dB is the thickness of the bulk of the workpiece.  After the workpiece 
has cooled, the thermal strain TSε  will be zero.  Equation 4-4 can then be re-written as 
 
r r r
P PS D B
S DE E E
σ σ σ
ε ε+ = + =  Eq. 4-6   
where the superscript r indicates residual stresses.  Simultaneous consideration of 
compatibility and equilibrium results in the expression for residual stresses in the 
surface/near-surface layer. 
 r P PD B DS S D
S D B S D B
d d d
E E




+ + + +
 Eq. 4-7   
For conditions where the bulk of the workpiece is much larger than the residual 
stressed zones, (dS << dB and dD << dB), Equation 4-7 can be approximated by  
 r PS SEσ ε≈ −  Eq. 4-8 
Similarly, expressions for residual stresses in the sub-surface and bulk layer are 
approximated by equation 4-9 and 4-10, respectively.   
 r PD DEσ ε≈ −  Eq. 4-9   
 0rBσ ≈  Eq. 4-10 
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During the cutting process, thermal and plastic strains exist in the surface/near-surface 
layer.  If the elastic strains in the surface/near-surface and sub-surface layers are of 
similar value, then  
 P P TS D Sε ε ε= −  Eq. 4-11  
Since the temperature always increases in the workpiece as a result of cutting, the 
thermal strains in the surface/near-surface layer are non-negative.  Assuming the flow of 
material around the tool is continuous the far- field boundary conditions require that 
0P PS Dε ε≥ ≥  in the absence of thermal effects.  Another explanation for this condition is 
that the magnitude of the sub-surface plastic strain is always greater than or equal to that 
of the surface/near-surface plastic strain.   
Jacobus proposed the following scenarios that are possible for machining- induced 
residual stress. 
§ Case 1:  0P TD Sε ε> ≥ .  From the compatibility condition in Equation 4.11 
and considering thermal strains are non-negative, 0PSε > .  Consequently, 
the surface/near-surface residual stress 0rSσ < .  For the sub-surface layer, 
the residual stress is 0rDσ < .  The results are shown in figure 4.3. 
§ Case 2: 0T PS Dε ε> > .  From the compatibility condition, 0
P
Sε < .  
Therefore, the surface/near-surface residual stress 0rSσ > .  The residual 
stress in the subsurface 0rDσ < .  This condition results in tensile residual 
stresses near the surface and compressive in the sub-surface.  The residual 
stress profile is illustrated in figure 4.3. 
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§ Case 3: 0PDε < .  This condition results in 0
P P
S Dε ε≤ <  and residual 
stresses 0r rS Dσ σ≥ > .  The residual stresses in all the layers are tensile.  
The profile is provided in figure 4.3 
Case 1 Case 2 Case 3 
Residual Stress Residual Stress Residual Stress 













Figure 4-3  Adapted from Jacobus [18]. Possible residual stress fields from one-dimensional model.  
Dotted lines indicate residual stresses from purely mechanical loads.  Solid lines indicate residual 
stresses from combined thermal and mechanical effects. 
 
The modeling proposed by Jacobus and referenced here provides a quantitative rationale 
for the potential residual stress profiles generated by machining in the cutting direction.  
When coupling the effects of plastic and thermal strains, the temperature increases are 
shown to increase the tensile character of the residual stress profile, which is consistent 
with published experimental data. 
4.2 Inverse method for stress history in the workpiece  
Several challenges arise when dealing with residual stress which is caused mainly 
by plastic deformation. As mentioned, plastic deformation is associated with the 
dissipation of energy so that it is irreversible and the deformation process is history or 
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path dependent. Nonetheless, one needs to establish a procedure to recapture the stress 
history that would have led to the residual stress profile in the workpiece.  
Looking at the preceding chapters, the task seems to be impossible if the strategy 
is to simply navigate back through the numerous equations presented. A lot of 
information is lost through maintaining equilibrium, boundary conditions and going 
through the relaxation procedure. In order to find a way to determine the stress history, 
the stress history dependence of residual stress needs to be explored a bit further. 
4.2.1 Stress history dependence 
Due the nature of plastic deformation, there will not be a one-to-one 
correspondence between stress and strain during plastic deformation. Figure 4-4 shows a 
stress-strain curve during uni-axial loading and unloading of material.  
 
      












 In this figure, the points F and H have the same stress level but different strains. 
On the other hand, the strains at points F and G are the same, but the stresses are 
different. Evidently, these differences result from different deformation histories or stress 
paths between points F and H, and F and G. To further explore the history dependent 
nature of plastic deformation, let us consider the following example taken from 
Khan[82]:  
Suppose that a specimen is loaded with uniaxial tension in the x direction. It 
deforms elastically until the stress reaches point B on the initial yield surface shown in 
figure 4-5. If the stress is increased to point A, the material of the specimen will deform 
elasto-plastically, and the yield surface will expand to become the subsequent yield 
surface due to the hardening behavior of the materials.  
 
 
Figure 4-5 History dependence of plastic deformation 
 
With the assumption of isotropic hardening, the strain state at point A is given by 
 p pxxε ε=  Eq. 4-12 
Subsequent yield surface 









where pε is the plastic strain along the x axis at point A. Due to the assumption of 





yy zzε ε ε= = −  Eq. 4-13 
 0p p pxy yz zxγ γ γ= = =  Eq. 4-14 
where ijγ  represents twice the shear component of the infinitesimal strain tensorε . 
Now unload the specimen from point A to point C, keep the axial force constant, 
and apply the shear stress xyτ  at the same time until point E is reached on the subsequent 
yield surface. During this process following the A-C-E, the material behaves elastically 
because this path is inside the subsequent yield surface which is also the current yield 
surface. Therefore no further plastic deformation occurs when the stress state of the 
specimen changes from A to E following A-C-E. The plastic strains at point E can still be 
represented by equations 4-12, 4-13, and 4-14. 
Now consider another loading history. Let the specimen be loaded by pure shear 
with shear stress xyτ . The elastic deformation continues until the initial yielding at point 
F. Then plastic deformation will result with increasing xyτ . The yield surface will expand 
at the same time. Suppose that the shear stress xyτ  is increased until point G on the 
subsequent yield surface, which also contains point A and E from the previous loading 
history. Denote the plastic shear strain at point G by pγ ; then the plastic strains at point 
G are given by 
 
p p
xyγ γ=  Eq. 4-15 
 0p pyz zxγ γ= =  Eq. 4-16 
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 0p p pxx yy zzε ε ε= = =  Eq. 4-17 
The specimen is then unloaded from point G to point H, and the shear stress xyτ  is kept 
constant while the axial load is applied and increased to bring the stress state of the 
specimen to point E on the subsequent yield surface. Since the path G-H-E is inside the 
current yield surface AEG, the material deforms elastically, and no additional plastic 
deformation occurs following the stress path G-H-E. The plastic strains at point E are 
also given by 4-15, 4-16, and 4-17. Obviously the plastic strains represented by the 
aforementioned equations, which are the results of the stress path O-G-H-E, are 
completely different from those given by equations 4-12 to 4-14, which are obtained by a 
different stress path O-A-C-E. Plastic deformation is indeed a history or path dependent 
process.  
4.2.2 Inverse method based on rolling/sliding contact theory and McDowell 
algorithm: recapturing the stress field. 
The path dependent nature of plastic deformation shows that there is more than 
one path that could lead to the same stress level. In other words, there is a family of 
loading paths or stress histories that would lead to the same amount of plastic 
deformation and residual stress. This non-uniqueness characteristic of the stress can help 
when the stress history needs to be recaptured. The term “recapturing” means finding one 
of the loading paths belonging to the family of solutions.  
As discussed in chapter 3, the algorithm developed by McDowell is used to 
predict residual stresses from the stress history experienced by the workpiece. This 
hybrid algorithm combines attractive features of previous rolling/sliding models, enabling 
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a stable prediction of residual stresses and subsurface plasticity over a range of loading 
conditions ranging from small to large plastic strain ranges. The robustness of this 
algorithm makes it a useful tool to help determine a stress history that would have led to a 
predetermined residual stress profile.  
As the cylinder slides on the surface of the workpiece, the stress 
components ( )( ), ( ), ( ), ( ) ( ) ( )xx i zz i xz i yy i xx i zz iz z z z z zσ σ τ σ υ σ σ∗ ∗ ∗ ∗ ∗ ∗= +  at point ( ),j iA x z of the 
workpiece will change as shown in figure 4-6 to 4-9. Theses stresses are due to the 
combination of the normal and shear load generated by the cylinder. To generate these 
plots a radius of 0.025mm was used. It should be noted that the similar stress profiles are 
obtained when the radius is changed. Further, these plots shown are a representation of 
the stress components history so and the stress values do not have a meaning here. The 
workpiece region of interest was discretized into a 2000 unit in the x-direction (cutting 
diretion) and 16 unit in the z-direction (ploughing direction). Thus, 
0.... , 2000j n wheren= = and 0.... , 16i m wherem= = .  
Evidently, the stress components at every point with the same z coordinate will 
experience the same change in values. When the tool tip is far away from the point of 
interest, the stress components values are essentially zero. As the tool gets closer, the 
value of each component increases. For the normal stress components, ( ), ( )xx i zz iz zσ σ
∗ ∗  the 
stress values reach a maximum when the tool is directly under the point of interest. The 
shear component value changes from zero to positive maximum, then goes to a negative 
maximum as the tool is near the point of interest.  
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History of the xx-stress component at an arbitrary point in the workpiece








Figure 4-6 History of the normal stress component in the x-direction at an arbitrary point of the 
workpiece. 
 










History of the zz-stress component at an arbitrary point in the workpiece






















History of the xz-stress component at an arbitrary point in the workpiece









Figure 4-8 History of the shear stress component in the x-z direction at an arbitrary point of the 
workpiece 
 











History of the yy-stress component at an arbitrary point in the workpiece














From the history of the stress components at each point ( )0 , , 0...i iA x z i n=  
located along the depth of the workpiece, the residual stresses in the cutting and 
transverse directions are determined using the hybrid algorithm. The exact calculations 
were presented earlier in section 3-4. Figure 4-10 shows a typical plot of residual stress 
versus depth into the workpiece.  The residual stress profiles in the cutting (xx) and 
transverse (yy) direction are shown. These curves follow the behavior of the residual 
stresses measured by Jacobus[18].  
 

























Depth into Workpiece (mm)
Cutting Direction
Transverse Direction
Figure 4-10 Typical residual stress plot for an orthogonal cutting operation 
 
Figure 4.11 shows a simplified chart of the overall process in determining the residual 
stress from the history of the elastic or hertzian stress components at each point of the 
workpiece. As one can see, there are more inputs to the algorithm than there are outputs. 
Although four inputs and 2 outputs are shown, a closer look at the figure reveals that 
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there are more than four inputs. To estimate the residual stress components ,r rxx yyσ σ  at 
depth iz , a total of 3*2000 data points need to be estimated to recapture the stress 
components ( ) ( ) ( ), ,xx i zz i xz iz z zσ σ τ∗ ∗ ∗ . This represents a major challenge 
 
Figure 4-11 Simplified Chart for residual stress estimation from elastic stresses using McDowell 
algorithm. 
 
To overcome this obstacle, simpler relations or correlations between critical 
features of the stress history and the residual stresses components need to be established. 
The contour plot of the second stress invariant '2J  of the stresses at point ( ),A x z for a 
typical orthogonal cutting process is shown in figure 4.12.  Looking at the plot, the region 
of high deviatoric stresses or plastic stresses is in a small region near the tool tip and the 
near-surface region of the workpiece. Thus, a simpler correlation could be achieved 








History of the xx-stress component at an arbitrary point in the workpiece

















History of the zz-stress component at an arbitrary point in the workpiece
















History of the xz-stress component at an arbitrary point in the workpiece

















History of the yy-stress component at an arbitrary point in the workpiece








( )xx izσ ∗( )zz izσ ∗
( )yy izσ ∗
( )xz izτ ∗
McDowell: Hybrid algorithm 
( ) ( )( )xx i zz iz zν σ σ∗ ∗+
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Residual Stress from Orthogonal Cutting






















between the maximum values of the stress components and the residual stress at the 
surface. 
 

















Second Invariant of Stress J2
 
 

















Figure 4-12 Contour plot of the second invariant of stresses (J2) for an orthogonal cutting process 
obtained using depth of cut of 0.1mm, edge radius of 0.025mm, width of cut of 3mm, speed of 5m/s 
 
Furthermore, during an orthogonal machine operation, the bulk of the workpiece 
is much larger than the residual stressed zone. According to equation 4-8, a linear 
relationship between the residual stress and the plastic strain can be approximated at the 
surface and near surface region. By the same token, correlation between the residual 
stress and the maximum stresses will be assumed to be linear.  
For a given workpiece and tool materials, 7 sets of elastic stress 
( )( ), ( ), ( ), ( ) ( ) ( )xx i zz i xz i yy i xx i zz iz z z z z zσ σ τ σ υ σ σ∗ ∗ ∗ ∗ ∗ ∗= +  histories were used in order to obtain 
a variety of residual stress profile in a workpiece. These histories are similar to the 
profiles depicted in figures  4-6 to 4-9. The 7 sets are generated using the factor ?  in 
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table 4-1. The first set was chosen to give a residual stress profile that would be seen due 
to an actual orthogonal cutting operation. The residual stress profile was matched to an 
experimental plot obtained by Jacobus after measuring residual stresses after an 
orthogonal machining operation [18]. 
 Once this set is chosen, the other sets were generated by scaling the first set in 
order to generate residual stress profiles ranging from a constant zero value to an ever 
increasing value of residual stresses as the depth into the workpiece increases. The two 
extremes cases of residual stress profiles for an orthogonal cutting are depicted in figures 
4-13 and 4-14 which correspond to sets 2 and 7. The residual stresses versus the depth 
into the workpiece in the cutting or x-direction and the transverse or y-direction are 
depicted in these figures. 
 
Table 4-1 History of the stress components used to obtain residual stress profiles 
 
  
Set # Stress History all z values Factor:  ?  
1 ( )( ), ( ), ( ), ( ) ( ) ( )xx i zz i xz i yy i xx i zz iz z z z z zσ σ τ σ υ σ σ∗ ∗ ∗ ∗ ∗ ∗Λ Λ Λ Λ = Λ +  1 
2 ( )( ), ( ), ( ), ( ) ( ) ( )xx i zz i xz i yy i xx i zz iz z z z z zσ σ τ σ υ σ σ∗ ∗ ∗ ∗ ∗ ∗Λ Λ Λ Λ = Λ +  0.25 
3 ( )( ), ( ), ( ), ( ) ( ) ( )xx i zz i xz i yy i xx i zz iz z z z z zσ σ τ σ υ σ σ∗ ∗ ∗ ∗ ∗ ∗Λ Λ Λ Λ = Λ +  0.5 
4 ( )( ), ( ), ( ), ( ) ( ) ( )xx i zz i xz i yy i xx i zz iz z z z z zσ σ τ σ υ σ σ∗ ∗ ∗ ∗ ∗ ∗Λ Λ Λ Λ = Λ +  1.5 
5 ( )( ), ( ), ( ), ( ) ( ) ( )xx i zz i xz i yy i xx i zz iz z z z z zσ σ τ σ υ σ σ∗ ∗ ∗ ∗ ∗ ∗Λ Λ Λ Λ = Λ +  2 
6 ( )( ), ( ), ( ), ( ) ( ) ( )xx i zz i xz i yy i xx i zz iz z z z z zσ σ τ σ υ σ σ∗ ∗ ∗ ∗ ∗ ∗Λ Λ Λ Λ = Λ +  2.5 
7 ( )( ), ( ), ( ), ( ) ( ) ( )xx i zz i xz i yy i xx i zz iz z z z z zσ σ τ σ υ σ σ∗ ∗ ∗ ∗ ∗ ∗Λ Λ Λ Λ = Λ +  3 
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Depth into Workpiece (mm)
Cutting Direction
Transverse Direction
Figure 4-13 Residual stress profiles in the cutting and transverse directions for case 2 
 
 




























Depth into Workpiece (mm)
Cutting Direction
Transverse Direction
Figure 4-14 Residual stress profiles in the cutting and transverse directions for case 7 
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Using a commercial statistical software, MINITAB 14, a multiple regression is 
performed to obtain a relation between the residual stress components and the maximum 
elastic stress component values for each unit depth ( iz ). The relations are expressed by 
the following equations: 
 ,max( ) ( ) ( )
r r
xx i i i xx i i yy iz A B z C zσ σ σ
∗ = + +  Eq. 4-18  
 ,max ( ) ( ) ( )
r r
zz i i i xx i i yy iz D E z F zσ σ σ
∗ = + +  Eq. 4-19  
 ,max ( ) ( ) ( )
r r
xz i i i xx i i yy iz G H z L zτ σ σ
∗ = + +  Eq. 4-20  
 ,max ,max ,max( ) ( ( ) ( ))yy i xx i zz iz z zσ υ σ σ
∗ ∗ ∗= +  Eq. 4-21 
The elastic stresses in the y-direction or transverse direction are obtained from the plane 
strain assumption. The terms , , , , , , , ,i i i i i i i i iA B C D E F G H L  are constants obtained from 
the regression analysis. Evidently, a lot of relations were obtained since 0...15i = . 
However, the correlations between the surface components are emphasized since the 
performance of the part is directly affected by the residual stresses at the surface. These 
relations are given by  
 ,max 0 0 0 0 0 0( ) ( ) ( )
r r
xx xx yyz A B z C zσ σ σ
∗ = + +  Eq. 4-22  
 ,max 0 0 0 0 0 0( ) ( ) ( )
r r
zz xx yyz D E z F zσ σ σ
∗ = + +  Eq. 4-23  
 ,max 0 0 0 0 0 0( ) ( ) ( )
r r
xz xx yyz G H z L zτ σ σ
∗ = + +  Eq. 4-24  
 ,max 0 ,max 0 ,max 0( ) ( ( ) ( ))yy xx zzz z zσ υ σ σ
∗ ∗ ∗= +  Eq. 4-25 
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            = +                    
  Eq. 4-26  
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  =      
  Eq. 4-27  
Good correlations were obtained with R-squared of greater than 94. The statistical 
results for ,max ,max ,max, ,xx zz xzσ σ τ
∗ ∗ ∗  are plotted in the figure 4-15 to 4-17. The normal 
probability plot in each figure shows a straight line, and the residual versus fitted values 
plot shows a great level of randomness. Both of the observations are good indications of a 

















































Normal Probability Plot of the Residuals Residuals Versus the Fitted Values
Histogram of the Residuals Residuals Versus the Order of the Data
Residual Plots for sigma11e
Figure 4-15 Residual plots for ,maxxxσ
∗


















































Normal Probability Plot of the Residuals Residuals Versus the Fitted Values
Histogram of the Residuals Residuals Versus the Order of the Data
Residual Plots for sigma33e
Figure 4-16  Residual plots for ,maxzzσ
∗

















































Normal Probability Plot of the Residuals Residuals Versus the Fitted Values
Histogram of the Residuals Residuals Versus the Order of the Data
Residual Plots for sigma13e
Figure 4-17 Residual plots for ,maxxzτ
∗
as a functions of ( )0rxx zσ  and ( )0ryy zσ  
 72 
4.3 Estimating the depth of cut form specific cutting energy 
Figure 4-18 shows up to now what has been determined. The stress components in 
the workpiece can be determined from residual stresses. However, a method has to be 
found in order to determine the depth of cut that would have been necessary to obtain 
these stresses.  
 
Figure 4-18 Illustration of the equivalent stress seen by the workpiece during cutting 
 
4.3.1 Inverse Method based on specific cutting energy: Depth of cut estimation 
Having determined the maximum elastic stress components, the depth cut can be 
estimated based on the dependency of specific cutting energy on the chip load. Figure 4-
19 shows the empirical relationship between the specific cutting energy sp and the 
undeformed chip thickness
avgc
a  for various work materials. In the case of orthogonal 




Figure 4-19 Approximate value of the specific cutting energy ps for various materials and 
operations[87] 
 
The specific cutting energy is defined as the energy consumed in removing a unit 
volume of material. It can also be thought of as the energy required for the amount of 
plastic deformation needed for cutting to take place.  It is expressed in GJ/m3 in SI unit. 
The Von Mises criterion is used to calculate the specific cutting energy as shown in 
equation 4-28. Using the stress components previously determined, the specific cutting 
energy sp  is determined using the following equation 
 
 
( ) ( )( ) ( ) ( )( )
( ) ( )( ) ( )( )
2 2
,max 0 ,max 0 ,max 0 ,max 0
2 2




xx yy xx zz
s
yy zz xz
z z z z
p
z z z
σ σ σ σ
σ σ τ







 Eq. 4-28 
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Each group of materials occupies a region bounded by two lines. To find the 
depth of cut from the specific cutting energy, the following procedure was adopted: 
Taking alloy steels as an example, two depth of cut given by the equation of the two lines 
on the boundary were calculated.  








=  Eq. 4-29 








=  Eq. 4-30 
The average depth of cut was estimated by taking the average of 1d and 2d  as represented 
in the following equation: 





=  Eq. 4-31 
4.4 Inverse method based on force equilibrium 
For orthogonal cutting, the shear angle is a critical parameter that helps estimating 
parameters such as cutting forces. It will also help to estimate the hone radius sought 
after. In the following section, a method to estimate shear angle from the elastic stresses 
obtained from residual stresses is presented.  
4.4.1 Estimation of the stress components for the cutting zone. 
The maximum value of the stress components, maximum equivalent stress at a 
point on the surface of the workpiece, and the depth of cut can be found up to this point 
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using residual stresses information.  For an orthogonal cutting process, the cutting zone 
called the shear zone can be described by the orientation of the shear plane and the 
traction on that plane.  
As mentioned in chapter 3, the stresses generated in the workpiece are due to the 
tractions in the shear zone and the tractions due to the rubbing of the tool edge on the 
surface of the workpiece. At both the shear zone and the tool edge location, there is a 
normal distributed load coupled with a tangential distributed load. The normal load at the 
tool edge follows a Hertzian or semi elliptical distribution. However, Su showed in his 
work that there is no significant loss of accuracy by assuming an uniform distribution 
versus a semi-elliptical distribution[24].   Figure 4.20 shows these two sources.  
 
Figure 4-20. Stresses at the shear zone & Stresses due to the tool tip.  
Since the stresses in the workpiece are due to two sources, the percentage 
contribution of each source must be identified first before developing a method to 
determine the shear zone characteristics. Any point at the newly generated surface of the 
workpiece will start experiencing stresses due to the tractions on the shear plane, then 









Chip   
Tool       
  Shear 
angle  
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representation of the stresses to help with the understanding of the previous statement. It 
should be noted tha t this figure is not an accurate representation of the loading on the 
newly generated surface since the shear tractions are omitted. Nonetheless, it helps 
visualize the challenge in determining the contribution of the two sources to the stress at 
any point of the workpiece.  
 
 
Figure 4-21 Simplified representation of the normal traction on the surface as the tool is sliding.  
 
The following optimization scheme was employed to determine the contribution 
of both sources. The stress component profiles ( ) ( ) ( ), ,xx i zz i xz iz z zσ σ τ∗ ∗ ∗  used in section 
4.2 to determine the relations between the residual stress and the Hertzian stresses, are set 
to be equal to the sum of stress components from the shear zone and ploughing effect, 
equation 4-29. With the constraints given between the parameters, an optimal 
combination that gives a satisfactory residual stress profile was determined through 
iteration.   
A 
Normal pressure 
 due to 
 shear zone 
Normal pressure 
 due to 
 rubbing of the tool 
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 Eq. 4-32 
with 0 , , , , 1a b d e f< <  and 1 ; 1 ; 1b a d c f e= − = − = −  
The values of , , ,a b c d were found to be equal to 0.5 and the values of e and f  
were found to be respectively equal to 0.35 and 0.65. 
4.4.2 Estimation of the cutting or shear zone characteristics  
The characteristics of the shear zone can now be determined by the inverse 
method developed and depicted in figure 4.22. The model is based on the assumptions 
that the rake angle, the width of cut and the workpiece are known quantity during the 
cutting operation.  The friction coefficient between the tool and the chip is determined 
using Merchant relation as expressed in the following two equations: 
 45β α φ= + −o   Eq. 4-33 
 ( )tanµ β=   Eq. 4-34 
 where β  is the friction angle, µ is the friction coefficient, α  is the rake angle, and 
φ  is shear angle.  
An initial guess of the yielding shear stress of the material is determined using the 
following uni-axial stress strain relationship: 
 ' ' 3x z Eτ ε=  Eq. 4-35  
where E  is elastic modulus, and ε  is elastic strain.  
The elastic strain is assumed to be 0.2% which corresponds to the strain at the onset of 
yielding for metals.  
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Figure 4-22. Analytical model to determine the shear zone characteristics. 
 
Using a 2D rotation matrix Q presented in equation 4-31, the stress components in 
the workpiece (x,y) are transformed in to corresponding components in the shear plane 
(x’,y’), as shown in equation 4-32. The rotation of the components is possible because of 
size of the cutting zone. During most cutting operations, the cutting zone is relatively 
Workpiece stress tensor 
Friction coefficient 
Rake angle 
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small compared to the bulk of workpiece. Thus, compared to size of the workpiece, the 
size of the cutting zone could be thought of being the size of a point.  






=  − 
 Eq. 4-36  
 [ ] [ ]' ' ' '
' ' ' '
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x z z z xz zz
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τ σ τ σ
   
=   
   
 Eq. 4-37 
Using the stress components in the workpiece previously determined, and the initial 
guess of the shear stress in the shear zone, the shear angle is found by solving equation 4-
38 obtained from 4-37.  
 
2











 Eq. 4-38  
After obtaining the shear angleφ , the friction coefficient, µ , can be determined using 
equations 4-33 and 4-34. Also, the corresponding normal stress ' 'z zσ  acting on the shear 
plane can be found using equation 4-39. 











  Eq. 4-39  
The ratio of the cutting and thrust forces to the shear zone area are obtained from 









β α φ β α
=
− − −
 Eq. 4-40  
 






σ φ= −  Eq. 4-41 









=  Eq. 4-42 
where w  is the width of cut  
The shear angle, obtained from the initial guess at the value of the shear 
component acting on the shear plane, needs to be optimized since no effort is made in 
maintaining a realistic ratio of the cutting and thrust forces. This ratio is giving by the 












 Eq. 4-43  
where µ  is equal to the coefficient of friction and α  the rake angle.  
The shear angle is modified until a difference less than 0.5% is achieved between 
the two sides of equation 4-43.  After, the new φ  is used to re-estimate the stress 
components in the shear plane ' 'x zτ , z zσ ′ ′ . 
4.5 Inverse Method based on Waldorf’s slip line: Tool edge radius 
estimation  
In order to instill strength and toughness in the cutting edge, a hone or chamfer is 
typically part of the tool geometry.  As discussed previously, stresses are also generated 
in the workpiece due to contact between the tool and the newly generated surface. If the 
tool were perfectly sharp (edge radius = 0), this contact would not exist. A great deal of 
research has been done regarding the contribution of the hone radius to the overall force 
required during machining [61-66]. As mentioned in section 3.1.2, the model developed 
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by Waldorf [56, 66] replicates closely the effect of the edge radius on the cutting process. 
The geometrical representation of the cutting zone is shown again in this section : 
 
 
Figure 4-23. Waldorf's slipline field for ploughing[56] 
er  is the edge radius,  α is the rake angle, φ  is the shear angle, ρ  is the prow angle, R is 
the radius of the circular fan field centered at A, ,
avgc
d  is the depth of cut.  The fan field 
anglesθ , γ ?, and η  are found from geometric and friction relationships as explained in 
section 3.1.2. 
An inverse approach to this model is developed to recapture the radius of the tool 
based on the depth of cut, shear angle estimated in the previous sections.  Using the depth 
of cut determined previously, the shear zone length AB is determined by:  
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−   
 Eq. 4-44  
The contact length is then estimated using the following equation: 
 ( )sinCA AB θ=   Eq. 4-45  
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The radius of the circular fan field is determined using equation 4-46 
 ( )sinR CA η=  Eq. 4-46  







=  Eq. 4-47  
where 1 2 3, ,ξ ξ ξ  are calculated using equations 4-48 to 4-50 
 
( )
( ) ( ) ( ) ( ) ( )1 2 2 2 2 2
sin
4sin sin tan 4sin sin 1
η
ξ
η ρ α η ρ
=
+ −
 Eq. 4-48  
 ( ) ( ) ( ) ( ) ( )2 22 2 2tan sin sin 2 1 2sin sinξ α ρ η η ρ= − −  Eq. 4-49  
 3 tan 4 2
π α
ξ  = + 
 
 Eq. 4-50  
4.6 Summary  
In this chapter, a novel approach in predicting process parameters from residual stress 
required at the surface of the workpiece is presented. The methodology is based on first 













CHAPTER 5  
 
 
EXPERIMENTAL VALIDATION OF MODELING RESULTS  
The reverse methodology developed through a first principles approach to 
machining can be used to predict the depth of cut and edge radius necessary to achieve a 
given or desired residual stress profile. Matlab 7.1 is used to execute the necessary 
computer code required for a successful run of the model. The computer used was a Dell 
Inspiron 700m with a Pentium M 1.86 GHz processor and 512MB of memory.   
 This chapter presents the procedure followed to gauge the validity and capability 
of the methodology developed. In the section 1.1.1, the depth of cut and hone radius 
predicted by the reverse model are compared to experimental data obtained from the 
orthogonal cutting of AISI 4340 and AISI 316L. In section 2, the residual stresses used as 
input to the model are compared to the residual stresses obtained from using the output of 
the model. In section 3, the model prediction of forces is compared to data obtained from 
another set of experiments of orthogonal cutting of AISI 4340.  
5.1 Modeling Results for Orthogonal Cutting of AISI 4340  
5.1.1 Depth of cut and edge radius prediction for AISI 4340 
The depth of cut and tool edge are predicted from the residual stresses obtained 
experimentally from orthogonal cutting of AISI 4340. The study was conducted by 
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Jacobus[18]. The cutting parameters and tool material used during the cutting 
experiments are given in the following table: 
Table 5-1  Cutting conditions for Cases 1-6 [18] 








1 K313 AISI 4340 0.025 0.100 3 5.00 
2 K313 AISI 4340 0.075 0.100 3 5.00 
3 K313 AISI 4340 0.025 0.200 3 5.00 
4 K313 AISI 4340 0.075 0.200 3 5.00 
5 K313 AISI 4340 0.050 0.150 3 5.00 
6 K313 AISI 4340 0.050 0.125 3 5.00 
 
The tool material (K313) utilized was an uncoated tungsten carbide tool. The cutting 
speed was maintained at 5m/s for all cases. Only the edge radius and feed were varied in 
this study. Since the orthogonal cut was achieved using an interrupted turning cut, the 
feed represents the depth of cut. The residual stresses in the workpiece or the depth 
profiles of residual stress were measured using an X-ray diffraction technique combined 
with an electro-polishing method. The electro-polishing method made it possible for the 
stresses beneath the surface to be measured by X-ray diffraction. First order corrections 
to the residual stress data were made due to the volume of material removed during 
etching.  
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AISI 4340 200 0.28 70 7800 40.0 500 11.0e-6 1400 
 
Table 5.2 shows the material properties used in the reverse model. Using the 
measured surface residual stress values at the surface, the depth of cut and edge radius 
were predicted based on the models presented in sections 4.2.2, 4.3.1, 4.4.2 and 4.5. 
Figure 5.1 shows a graph comparing the depth of cut predicted to the depth of cut used 
during the experiments. Figure 5.2 shows a graph comparing the tool edge radius 
predicted to edge radius using the cutting experiments.  














Figure 5-1 Depth of cut comparison for the orthogonal cutting of AISI 4340 
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Figure 5-2 Edge radius comparison for the orthogonal cutting of AISI 4340 
 
As seen in both figure 5.1 and 5.2, there is a noticeable difference between the values 
predicted and the value used for most of the cases. This difference was to be expected 
and it is due to the non-uniquess nature of plastic deformation. As was presented with 
great detail in chapter 3, different loading paths can lead to the same residual stress 
profile. Further, the difference is also due to the simplifying assumptions made in the 
model. Therefore, to understand how significant or insignificant the difference in 
prediction is, one extra step in the validation procedure is needed. This step consists in 
estimating the residual stresses using the predicted depth of cut and edge radius. The 
forward model developed by Su[24] will be used to predict the residual stress profile 
under these new set of conditions.  
5.1.2 Forward model performance 
Due to the significant cost associated with measuring residual stresses, an 
analytical model developed by Su[24] was utilized to estimate the residual stresses from 
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the predicted depth of cut and hone radius. The performance of this model or “forward” 
model is investigated using the orthogonal cutting conditions given in table 5-1.  
The following figures shows the residual stress profiles obtained from the  
“forward” model with the corresponding experimental curves for each case. For each of 
the residual stress profiles, the residual stresses are of negligible magnitude by 0.200mm 
below the surface. The general trend present in the measured residual stress profiles are 
also captured by the “forward” model.  
In case 1, using a 0.025 mm edge radius, the residual stress is approximately 
0MPa beyond 0.100mm. The “forward” model was able to capture this trend. In cases 1 
and 2, the model predictions agrees with the experimental data in showing an increase in 
the region of compressive residual stress beneath the workpiece surface for increased 
edge radius. In cases 3 and 4, the model captured the increase in the depth of residual 
stress due to machining for increasing values of the depth of cut. For cases 5 and 6, the 
model was able to capture the effect of the intermediate value used for the edge radius 
and the depth of cut. The overall effect of the edge radius and the depth of cut on the 
residual stress profile was captured. Further, the average difference between the 
measured and predicted values of the residual stresses in the x-direction and y-direction 
were respectively 8.5% and 29%. Therefore, the performance of this model made it 
suitable to generate the residual stress profile necessary to gauge the validity and 








































































































































































































































































































5.1.3 Reverse and forward models comparison 
Now that the forward model performance is evaluated, the next step is to gauge 
the validity of the reverse model at predicting the depth of cut and edge radius from 
surface residual stresses. The following figure shows the procedure followed: 
 
Figure 5-9 Validation scheme flowchart 
The depth of cut and edge radius ( ,F Fc cd r ) used for each case are input to a “forward” 
model to determine the residual stress profiles in the x-direction ( ),r Fxx izσ  and y-
direction ( ),r Fyy izσ . The surface values of the residual stresses ( ( ) ( ), ,0 0,r F r Fxx yyz zσ σ ) are 
then fed to the reverse model and new depth of cut and hone radius values ( ,
avg
R R
c ed r ) are 
obtained. These new parameters are used to predict a new set of residual stress profiles 
( ( ) ( ), ,,r R r Rxx i yy iz zσ σ ). The comparison plots for the depth of cut used in the forward model 
and the depth of cut obtained by the reverse model are given in figure 5.10. Figure 5.11 
shows the comparison plots for the edge radius for each case. Again the difference for the 
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Figure 5-11 Edge radius comparison between the forward model input and the reverse model output 
 
The two parameters predicted, based on the “forward” calculated residual stress, 
are used as input to the “forward” model and a new set of residual profiles is obtained. 
Figures 5.12 and 5.13 show the comparison between the value of the residual stresses at 
the surface in the x-direction [( ( ) ( ), ,0 0,r F r Rxx xxz zσ σ ] and y-direction ( ( ) ( ), ,0 0,r F r Fxx yyz zσ σ .  
The average difference in the x-direction and y-direction were respectively about 19% 





































Figure 5-13 Comparison of the residual stress at the surface in the y-direction 
 
The residual stress profiles obtained from using the predicted depth of cut and 
edge radius, are compared with the input residual stress profiles to the reverse model. The 
comparison for each case is presented in figures 5.14 to 5.19. The residual stress profiles 
obtained by the predicted depth of cut and edge radius are close match to the input 
residual stress profiles. The close match proves that the error associated with simplifying 


























































































































































































































































Figure 5-19. Residual stress profile in x and y direction for case 6 
5.1.4 Validation using experimental data, reverse and forward models. 
After showing that the error associated with the assumptions made to develop the 




Figure 5-20 Validation Flowchart 
 
The surface residual stresses value in the x and y directions obtained from x-ray 
diffraction are input to the reverse model. Then, the output of this model namely the 
depth of cut and edge radius are input the forward model. Finally, the predicted residual 
stress profiles are compared to the experimentally measured residual stress profiles for 
each case as shown in figure 5-21 to 5-26. The predicted residual stress profiles follow 
the trend of the measured profiles.  
The residual stress value is positive at the surface, reaches a maximum negative 
(compressive) value near the sub-surface and then increases to zero value as the depth is 
increased. As mentioned, the experimental residual stress values at the surface are used as 
inputs to the reverse model. A closer look shows that the predicted residual stress values 
are in good agreement with the measured values. The difference in most cases is less than 
30%. This error is relatively small when considering the simplifying assumption made in 
the model. Further, it should be mentioned that experimental measurement of residual 








































































































































































































































































Figure 5-26. Residual stress profile in x and y direction for case 6 
 
5.2 Modeling results for orthogonal cutting of AISI 316L  
5.2.1 Depth of cut and edge radius prediction for AISI 316L 
The depth of cut and edge radius were predicted for the orthogonal cutting of 
AISI 316L. Using this new material and a different set of depth of cut and edge radius  
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values, the reverse model was validated using the previous procedure. Table 5.3 shows 
the material properties used in the model. Table 5.4 gives experimental cutting conditions 















AISI 316L 193 0.28 60 7750 16.2 500 16.2e-6 1400 
 
Table 5-4  Cutting conditions for predicting residual stress for AISI 316L [89] 
Case Tool Material Edge 
Radius 
(mm) 






7 KC950 AISI 316L 0.050 4 0.100 1.67 
8 KC950 AISI 316L 0.050 4 0.100 2.08 
9 KC950 AISI 316L 0.050 4 0.250 2.08 
 
The tool (KC950) used was tungsten carbide tool coated with a triple layer of 
TiC-TiN-TiN. The depth profiles of residual stress were determined using X-ray 
diffraction technique.  For each case, the machined surfaces were “electrolytically” 
polished step-by-step in order to determine the evolution of the residual stresses with 
depth. The uncertainty on the residual stress data obtained was less than 50 MPa for 
depths of less than 200 mm, but reaches 150-200 MPa for greater depth values.  
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The comparison of the edge radius and depth of cut for case 7 is given in figures 
5.20 and 5.21. The difference between the predicted values and cutting conditions is 
noticeable, as it should be expected.  
 
















Figure 5-27 Edge radius comparison for the orthogonal cutting of AISI 316L (case 7) 
 
















Figure 5-28 Depth of cut comparison for the orthogonal cutting of AISI 316L(case7) 
5.2.2 Forward model performance 
The “forward” model is then utilized to continue with the validation procedure. 
The performance of the aforementioned model is evaluated for cases 7-9. The residual 
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stress profiles in the x-direction given by the forward model and measured by X-ray 
diffraction are given in figures 5.22-5.24. The model was able to capture the trend of the 
stress profile. 

















Figure 5-29 Residual stress profiles in the x-direction for case 7 [24] 
 

















Figure 5-30 Residual stress profiles in the x-direction for case 8 [24] 
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Figure 5-31 Residual stress profiles in the x-direction for case 9 [24] 
 
5.2.3 Reverse and forward models comparison 
 
Figure 5-32 Validation scheme flowchart 
 
The surface values of the residual stress ( ( ) ( ), ,0 0,r F r Fxx yyz zσ σ ) are used as input to 
the reverse model. The comparison plots for the depth of cut used in the forward model 
and the depth of cut obtained by the reverse model are given in figure 5.25. Figure 5.26 
shows the comparison plots for the edge radius for each case. Again the difference for the 
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Figure 5-33 Edge radius comparison between the forward model  input and the reverse model output 
 











m Forward Input 
Reverse Output
 
Figure 5-34 Depth of cut comparison between the forward model input and the reverse model output 
 
The two parameters ( ,
avg
R R
c ed r ) predicted are used as input to the “forward” model 
and a new set of residual profiles ( ) ( ), ,,r R r Rxx i yy iz zσ σ  is obtained. Figures 5.27 and 5.28 
show the comparison between the surface residual stress [ ( ) ( ), ,0 0,r F r Rxx xxz zσ σ ] and 
[ ( ) ( ), ,0 0,r F r Ryy yyz zσ σ ]. The average difference in the x-direction and y-direction were 






































Figure 5-36 Comparison of the residual stress at the surface in the y-direction 
 
 
The entire residual stress profiles obtained from using the predicted depth of cut 
and edge radius are compared with the input residual stress profiles to the reverse model. 















































































































































Figure 5-39 Residual stress profile in x and y direction for case 9 
 
5.2.4 Validation using experimental data, reverse and forward model. 
As in section 5.1.4, the validation procedure followed is shown in figure 5.40. The 
surface residual stresses value in the x and y directions obtained from x-ray diffraction 
are input to the reverse model. Then, the output of this model namely the depth of cut and 
edge radius are input the forward model. Finally, the predicted residual stress profiles are 
compared to the experimentally measured residual stress profiles for case 7 as shown in 
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Figure 5-41 Residual stress profile in x and y direction for case 7 
5.3 Force Estimation. 
Using the reverse model, the cutting forces which comprise the ploughing forces 
and sharp cutting forces are estimated. In the following set of experiments conducted by 
MSaoubi (Table 5-5), the cutting speed was varied to capture the effect of the cutting 
speed on the cutting force required and the residual stress produced. The experimental 
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results show that an increase in cutting speed results in a decrease in cutting force. Higher 
cutting speeds produce higher temperatures in the shear zone. Consequently, the cutting 
force decreases due to thermal softening. Using the residual stress obtained from these 
experiments, the cutting forces are predicted by the reverse model. Figure 5.32 shows a 
comparison plot of the measured cutting forces and the predicted forces. The effect of 
cutting speed on the cutting force components is captured. As the cutting speed is 
increased, both the force components decrease. Further, the model gives a conservative 
prediction of the forces. 
 
Table 5-5 Cutting conditions for predicting forces in AISI 316L 
Case Tool Material Edge 
Radius 
(mm) 






10 KC950 AISI 316L 0.050 4 0.100 1.67 
11 KC950 AISI 316L 0.050 4 0.100 2.08 
12 KC950 AISI 316L 0.050 4 0.100 2.50 
























Figure 5-42 Cutting forces comparisons for AISI 316L 
 
 
5.4 Compressive Surface Residual Stress 
For all the experimental cases in this study, the residual stress values at the 
surface of the workpiece were tensile (positive). Although, compressive (negative) values 
of surface residual stress can be input to the reverse model, it will not be possible to 
obtain such surface residual stress values after an actual dry orthogonal cutting operation.  
In the work of Okushima and Kakino [5], they studied the residual stresses caused 
by the mechanical effect of the ploughing force which exists at the tool edge and by 
thermal effect of the temperature distribution produced in orthogonal cutting. The model 
was validated using residual stresses data obtained from X-ray diffraction experiment. 
Their findings showed: 
• Thermal effects lead to tensile residual stresses,  
• Mechanical effects produced compressive residual stresses. 
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• Most importantly, it was found also that in most cases of practical cutting, 
tensile residual stresses are produced on the machined surface. 
In section 4.1, an interpretation of the residual stress profile in the workpiece is 
given. It was mentioned that when the thermal strain TSε  in the surface region S, are 
greater than plastic strain PDε  in the sub-surface region D, the residual stress at the surface 
has to be tensile or positive. Thermal expansion strain is directly related to the 
temperature gradient as given by the following equation: 
 TS Tε α= ∆   Eq. 5-1 
During an orthogonal cutting operation, the maximum workpiece temperature 
occurs at the surface near the tool tip, and the temperature drops quickly behind the tool 
tip. Although, the exact temperature profile depends on the cutting parameters and the 
thermal properties of the workpiece material, a typical profile is shown in figure 5-43. 
With the high temperature at the surface, the thermal strain, at the surface, is greater than 
the plastic strain in the subsurface. Thus, tensile residual stress values should be expected 
at the surface.  

















Temperature Rise in Workpiece Due to Cutting
 
 

















Figure 5-43 Temperature profiles beneath tool due to cutting[24] 
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A set of surface residual stress values are input to the reverse model in order to 
predict the depth of cut and edge radius. The depth of cut and edge radius predicted are 
indeed not practical. 









-50 -50 1.53 0.23 
-100 -100 1.86 0.28 
-200 -200 2.94 0.5 
-400 -400 11.59 1.78 
-600 -600 1177.97 180.53 
 
If the temperature in the cutting region was not significant, which could be 
achieved possibly using coolant, the thermal strain at the surface will be less than the 
plastic strain at the sub-surface 0P TD Sε ε> ≥ [18]. Thus, the compressive surface residual 
stress could be obtained under practical cutting conditions.  
5.5 Quick Method to predict cutting process parameters 
The methodology developed could seem a bit tedious for a machinist wanting a quick 
estimate of the depth of cut and tool edge radius before starting an orthogonal cutting 
process. A simpler method is necessary if such a quick estimation is needed. This method 
is developed, using the following assumptions: 
• The shear angle during an orthogonal cutting process remains at 25º, 
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• The poisson’s ratio is equal to 0.3 
• The Hertzian stress components in the cut direction and in the direction normal to 
the cutting plane have the same magnitude.  
For alloy steels, and given the surface value of the residual stress in the cut and transverse 
direction ( ( ) ( )0 0,residual residualxx yyz zσ σ ) in MPa, the following steps can followed to estimate 
the depth of cut and edge radius: 
 
1. Determine A  
 1504 6.76 4.37surfaceresidual surfaceresidualcut transverseσ σ= − − +A  Eq. 5-2 
2. Determine B 
 846 3.81 2.46surfaceresidual surfaceresidualcut transverseσ σ= + −B  Eq. 5-3 
3. Determine C 
 
2 20.001 0.4 3= +C A B  Eq. 5-4 
4. Finally the depth of cut and edge radius are obtained by the following: 
 










 Eq. 5-5 
Equations 5-1 and 5-2 are respectively equations 4-23 and 4-24.  Section 4.2.2 
should be revisited if the more information regarding the derivation is needed. Equation 
5.3 is a simplified version of equation 4-26 where the Hertzian stress components in the 
cut direction and in the direction normal to the cutting plane have the same magnitude 
and the poisson’s ratio is equal to 0.3. The terms given by equation 5-4 are derived from 
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the equations presented in section 4.4 and 4.5. using the assumption that the shear and 
prow angle are equal to 25 º  
The residual stress surface values, given by the “forward” model for case 1 
through case 6 in section 5.1.2, are used to determine the difference in depth of cut and 
edge radius that would be obtained from the model and the quick method presented in 
this section. As shown in table 5.6, the  difference in depth of cut remained under 3% and 
the difference in edge radius shows a difference of less than 1% for 4 of the  cases. For 
case 2 and case 4, the difference was respectively equal to 33.7% and 6.7%. Although the 
difference shown is minimal, this quick method is limited to tensile surface residual stress 
values, and to the orthogonal cutting process. Using the forward method, residual profiles 
using the depth of cut and edge radius given by both methods generated. Table 5.7 gives 
the surface residual stress values difference from both methods, and figures 5.33-5.38 
shows the entire residual stress profile obtained fo r each case.  
  
Table 5-7 % difference between the depth of cut and edge radius given by both methods  
% difference [Depth of cut] % difference [Edge radius]
Case 1 1.9 0.6
Case 2 1.8 33.7
Case 3 2.6 0.6
Case 4 2.4 6.7
Case 5 1.7 0.6
Case 6 2.4 0.9  
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Table 5-8 % difference between the surface value using the parameters predicted by both methods  
% difference [residual stress (cut-direction)]% difference [residual stress (transverse-direction)]
Case 1 0.0 0.0
Case 2 8.1 2.8
Case 3 0.0 0.0
Case 4 7.7 2.6
Case 5 6.6 2.3
Case 6 0.0 0.0  





































Figure 5-44 Residual stresses estimation in the x and y directions based on the predicted parameters 
given by both methods case 1 











































Figure 5-45 Residual stresses estimation in the x and y directions based on the predicted parameters 
given by both methods case 2 
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Figure 5-46 Residual stresses estimation in the x and y directions based on the predicted parameters 
given by both methods case 3 






































Figure 5-47 Residual stresses estimation in the x and y directions based on the predicted parameters 
given by both methods case 4 
















































Figure 5-48 Residual stresses estimation in the x and y directions based on the predicted parameters 
given by both methods case 5 
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Figure 5-49 Residual stresses estimation in the x and y directions based on the predicted parameters 
given by both methods case 6 
5.6 Summary 
In this chapter, the modeling approach proposed in chapter 4 is applied to 
orthogonal cutting. Depth of cut and edge radius predictions were made for orthogonal 
cutting of AISI 4340 and AISI 316L. Even though there was a noticeable difference 
between the predicted values and the experimental values used, the residual stresses 
produced using these values are comparable to the measured residual stresses. These 
results shows that the right combinations of depth of cut and edge radius can be predicted 
using surface residual stress information.  Further the model was able to capture the 
cutting force required for a successful machining operation. An analysis was presented to 
discuss that how compressive surface residual stresses, which can be input to the reverse 
model, will not lead to practical cutting conditions. In section 5.5, a quick method was 
presented to allow for a quick estimate of the depth of cut and the edge radius from 
residual stresses.  
********************************************** 
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CHAPTER 6  
CONCLUSIONS 
6.1 Summary 
This dissertation presents a method of predicting depth of cut, tool edge radius 
and cutting forces from residual stresses required in machined part. The inverse modeling 
techniques are derived from a physics-based modeling approach to the machining process 
and analytical modeling of residual stress prediction.  In chapter 3, the physics based 
modeling approach and the analytical modeling of residual stress prediction are 
presented. In chapter 4, the different inverse modeling techniques constituting the reverse 
methodology are presented. In chapter 5, the model predictions are validated us ing 
experimental data. The results proved that the methodology can be adopted to give 
realistic recommendations on the depth of cut, the tool edge radius and the cutting force 
required to achieve a desired residual stresses at the surface.  
6.2 Conclusions 
The research presented in this dissertation was driven by the need for a 
methodology to allow manufacturers to design around the residual stress required or 
desired in a machined component for a specific application.  
Currently, the process planning methods do not address directly the issues of part 
performance and functionality. Tremendous improvement of the overall manufacturing 
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process of precision products could be achieved if the parts performance and 
functionality could be at the center of the planning process. Although, a tremendous 
amount of work has been done to characterize the effect of cutting parameters such as 
width and depth of cut, speed, and tool geometry (i.e. edge radius) on the residual stress 
that is produced during cutting, these models do not provide a methodology to specify 
either machining process or tool geometry parameters from a desired residual stress 
profile into the workpiece. The methodology, developed in this research, allows residual 
stress to be truly engineered in a workpiece by enabling the prediction of an optimal set 
of cutting process and tool geometry parameters from a given residual stress profile. The 
main objectives were to (1) develop a methodology to predict the depth of cut, the tool 
edge radius, and the cutting forces required from the surface residual stress needed in a 
machined component and (2) validate the methodology with experimental data. The 
methodology was based on developing inverse solutions to different methods (residual 
stresses from Hertzian stresses, shear angle estimation from process parameters, cutting 
forces from process parameters, etc..) that when combined gave an analytical description 
of the cutting process.  
The depth of cut and edge radius prediction were made for orthogonal cutting of 
AISI 4340 and AISI 316L. Even though there was a noticeable difference between the 
predicted values and the experimental values used, the residual stresses produced using 
these values are comparable to the measured residual stresses. These results shows that 
the right combinations of depth of cut and edge radius can be predicted using surface 
residual stress information. Further, the model was able to capture the cutting force 
required for a successful machining operation. The influence of cutting speed on the 
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cutting forces was also captured by the model. In addition, a simple method was also 
presented which allows for a quick estimate of the depth of cut and the edge radius from 
surface residual stress values.  
The research has shown that it is possible to extract the cutting process parameters 
and also cutting forces from residual stresses. The modeling techniques developed are 
well suited for an accurate estimate of these parameters. 
6.3 Contributions 
The modeling techniques presented in this dissertation provided a new method in 
engineering residual stress by predicting the depth of cut, the tool edge radius and the 
cuuting forces required to achieve the stress state needed. The intellectual contributions 
of the research presented are as follows: 
• Developed an analytical model to predict the depth of cut, the tool edge 
radius and the cutting force required based on residual stress requirement. 
• Developed a quick and effective method to estimate these aforementioned 
parameters for alloys steels.  
• Validated the model with: 
o  experimental data for AISI 4340 and AISI 316L  
o analytical predictive residual stress modeling results 
• Proved the possibility to extract cutting process information from the 
workpiece post process stress profile. 
Many other benefits could be derived from such methodology: 
• Achievement of a better control over the surface integrity of a part.  
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• Improvement of Hard Turning competitiveness in replacing multiple 
grinding processing steps.   
• Reduction of trial-and-error tooling design cycle time since a tool 
geometry information can be extracted from residual stress profile 
requirement 
6.4 Future work 
The current model provides a method extracting cutting process parameters from 
surface residual stress requirement. If offers a quick and effective method to predict these 
parameters. Nonetheless, there are opportunities of improving the predictive capability of 
the model.  
In the model, a linear relationship between the residual stress and the Hertzian 
stress per unit depth into the workpiece is used. A neural network could be used to 
establish a more robust relationship between these two stress parameters. Further, a 
relationship between the entire residual stress profile and Herztian stress profile could be 
established. Such improvement could provide a way in extracting the rest of the cutting 
process parameters such as the cutting speed, the width of cut, and the rake angle.  
Since the model is based on finding the inverse of relationship among the critical 
parameters in the machining process, its limitation is partly based on how well the 
analytical description of the machining process was done in the past. Needless to say that 
improvement is needed in this area. The friction coefficient is treated as a constant in this 
work. However, this coefficient does affect the residual stress profile obtained after 
machining. A more analytical approach is necessary to quantify the effect of friction. A 
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physics-based model for determining the friction coefficient can be used to determine a 
range of friction values consistent with the machining process being studied. 
Improvement in residual stresses measurement  is also needed. Measuring residual 
stresses is still a laborious task with error ranging from 50 MPa to 200Mpa for a good 
measurement. Developing alternatives techniques to measure sub-surface stresses such as 
the magnetoelastic Barkhausen noise method or ultrasonic sensing will ease the 
tremendous experimental efforts necessary to acquire residual stress data. These 
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